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Abstract. Studies in Germany and confirmed in North America established that the forest decline

that developed in the late 1970’s and 80’s resulted from a deficiency in one or more of the nutrient

cations: Ca2+, Mg2+, and K+. These nutrients are essential to the structure of the foliage, to

photosynthesis and to the growth of the trees. The reactions and mechanisms involved in the entry

of nutrients to the soil, their storage, and rate of transfer to the soil solution, and through it, to the

fine roots and to the leaves at the top of the tree are reviewed. The continuing material balance

studies carried out on a watershed at the Hubbard Brook Experimental Forest in New Hampshire

allow a unique analysis of the changes caused in these nutrient transfers by acid rain. The nutrient

cations are stored in the soil by adsorption on negatively charged clay, and the presence of an acid

is required for their release to the soil solution. In pre-industrial times this acid was H2CO3, which

was subsequently displaced from the soil solution by H2SO4 and HNO3, as a result of acid de-

position. The effect of the increased concentration of the negatively charged SO4
2� and NO3

�

anions seeping through the soil, compared with that of the HCO3
� that had been previously

present, resulted in a substantially increased rate of transfer of an equivalent of Ca2+ and other

positively charged nutrient cations from the soil to the soil solution. The increased concentration of

Ca2+ in the soil solution resulted in both an initial increase in the rate of biomass growth and in a

simultaneous increase in the rate of Ca2+ loss in the effluent soil solution from the watershed. It

was found that this increased rate of removal of Ca2+ from the watershed soil had become greater

than its rate of input to the soil from weathering and from dust and rain. As a result, the large Ca2+

inventory that had built up in the soil as a result of the reduced leaching in the years prior to

the entry of acid rain, that started in about the1880’s, was eventually depleted in the hardwood

forest at Hubbard Brook in the 1980’s, about 100 years later. With insufficient Ca2+ available

for its continuing transfer, net biomass growth on the watershed stopped. This resulted from

the rate of tree mortality becoming equal to that of the small incremental growth of a few trees on

the watershed. The future growth of forests is at risk from the long-term effects of acid deposition.

The fundamental nature of the reactions involved indicates that similar growth anomalies are

occurring in other forests impacted by acid rain. These changes from normal biomass growth can

affect the amount of CO2 stored in the biomass, of importance to our understanding of Global

Warming.

1. The present concerns

In the late 1970’s and 1980’s unusual symptoms of forest decline involving
discoloration and premature loss of foliage, leading to the death of many trees,
were observed in certain areas of Germany, northern New England, and ad-
jacent areas of Canada. Subsequently, these symptoms were observed in other
regions of the industrial world. In the 1990’s the trees in some locations ap-
peared to have recovered, while in other areas increased new damage was still
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being observed (Sharpe and Drohan 1999; Driscoll et al. 2001). Surprisingly, it
was subsequently found that increased tree growth had apparently occurred in
many forests of Europe and North America that had been impacted by acid
rain. Of particular concern is the continuing acid leaching of nutrients from the
soil that leads to deficiency in the trees. Relevant data in connection with four
questions will be considered.

1. What was the primary cause of the forest decline and death?
2. Why have some trees recovered?
3. Why has the growth of many forests apparently increased as a result of acid

deposition?
4. What is likely to occur in future years?

In a review of the literature in relation to answers to the above questions, it
was found that the material balance studies involving the transfers of the
calcium and other nutrients carried out on a watershed at the Hubbard Brook
Experimental Forest were relevant, particularly to Questions 3 and 4 (Likens
et al. 1996, 1998; Driscoll et al. 2001). These studies showed that the effect of
acid rain seeping through the soil was to substantially increase the rate of
removal of Ca2+ and other cationic nutrients from the soil, thus increasing
their concentrations in the soil water. This in turn increased both the initial rate
of biomass growth and the rates of loss of Ca2+ and of the other nutrient
cations in the effluent draining the watershed soil. The acid rain results from
gaseous combustion emissions and the rate of SO2 discharged in the U.S.,
measured in millions of short tons per year, was already 9.9 in 1900, peaked at
31.7 in 1973 and decreased to 24 in 2000, while emissions of NOx, in the same
units, increased from 2.6 in 1900 to 24 in 1990, subsequently remaining at
about 20 (Baker et al. 1993). It was found that the portion of the resulting
H2SO4 and the HNO3 deposited at the Hubbard Brook site from these emis-
sions resulted in the depletion, by 1982, of the large inventory of Ca2+ that had
built up prior to the period affected by acid rain. As a consequence, the rate of
removal of Ca2+ from the soil had become greater than the rate of input, and
therefore insufficient Ca2+ is now available on the watershed for the necessary
increase in net transfer to biomass, essential for biomass growth. Although
increased growth continued in some of the trees, this was balanced by the death
of other trees. However the continuing mineralization of fallen leaves, wood,
and dead roots provided the necessary Ca2+ and other nutrients, that has
allowed the living trees to reestablish their foliage in this forest each year. Since
the acid rain continues to remove a portion of the recycled Ca2+ and other
nutrients resulting from mineralization, it is expected that although a living
forest will continue for several years on this watershed, it will be with in-
creasing dead wood and with a reduction of living biomass.
Because of the fundamental nature of the reactions and mechanisms in-

volved, it appears logical that similar problems to that at Hubbard Brook
are occurring, or will occur, in other forested areas affected by acid rain.
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The deficiency of the specific nutrient involved, and the timing when it first
appears, will be related to such factors as the nature of minerals in the soil, and
the rate of acid input. In locations where large amounts of cationic nutrients
accumulated in preindustrial times, biomass may still be growing at an ex-
cessive rate. Prior to the discussion of why the effects of acid rain are causing
these serious changes in forest soils and biomass growth, relevant aspects of the
following subjects, important to its understanding, will be discussed in: nu-
trient deficiency and its symptoms; chemical weathering and nutrient recycling;
nutrient leaching; cation transfers; and the accumulation of large amounts of
exchangeable nutrient cations in the soil during the period prior to acid rain.

2. Nutrient deficiency and the effect of fertilization

Hüttl (1985), and Zöttl and Hüttl (I986), Zöttl et al. (1989), noted that al-
though most trees appeared healthy, seriously declining trees growing in cer-
tain areas of southern Germany showed different characteristic symptoms.
Suspecting that nutrient deficiency was involved, they measured the nutrient
content in the foliage and the cationic content of the underlying soil in three
locations in which three different, and distinctive, decline symptoms were ob-
served. The results are shown in Table 1. This study indicated that the tree
decline in each location resulted from a deficiency of either Ca, Mg or K in the
foliage, and that the specific ion causing the deficiency could be predicted from
the analysis of the soil. This was found to occur in soils that had a very low
concentration of the deficient ion and a relatively high concentration of an
antagonistic ion that inhibits the uptake of the deficient ion. With conifers
showing a deficiency of either or both of the divalent ions, Ca2+ and Mg2+,
which occurred in soils having a pH of less than 4.0 as measured in CaCl2, the
antagonistic ion was found to be A13+. In calcareous soils, having a pH
greater than 5.0, in which K+ is the deficient ion, Ca2+ together with Mg2+

have an antagonistic effect on K+ uptake. In each case the antagonistic ion,
which was found to block nutrient ion uptake, has a higher valence than the
deficient ion. They established that addition of an excess amount of a soluble
salt of the deficient ion resulted in the recovery in the nutrient content of the
foliage and in a rapid increase in the rate of growth of the tree. This not only
increased the content of the deficient ion in the soil, but also markedly reduced,
by mass action, the concentration of the antagonistic ion on exchange sites,
resulting in its subsequent loss from the rooting zone in the seepage water from
rain. These and many other related studies, which established that deficiency is
the primary cause of these declines, led to large-scale helicopter fertilization of
declining trees in Germany. Although other factors such as decreased rainfall
and/or increased temperature may also be involved, nutrient deficiency has
been shown to be the primary cause by the observation that test fertilized trees
recover, while adjacent trees remain stunted and/or die.
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Related studies in North America established that similar decline symptoms
had developed in trees showing deficient levels of either Ca, Mg, or K in their
foliage. These were found to occur, as in Germany, in areas where the soils had
low concentrations of the affected ion and relatively high concentrations of the
antagonistic ion. It was also found that the trees could be revitalized by fer-
tilization with the soluble salt of the affected ion (Bernier and Brazeau (1980);
Zöttl et al. (1989); Hendershot (1991); Ouimet and Fortin (1991)). These de-
ficiencies resulted from acid leaching of the affected cations from the soil by the
H2SO4, HNO3 and HCl in acid rain. Since HCl is normally present in only
small amounts it will not be named each time with the other two strong acids.

3. Visible deficiency symptoms

The characteristic deficiency symptoms are related to the specific essential roles
that the individual nutrient plays and it is in the foliage where the symptoms
first appear in response to an inadequate transfer of that nutrient to the tree.

Magnesium is chiefly utilized inside the cells of the foliage, with about 25%
being chemically combined in the chlorophyll, the green pigment that catalyzes
the formation of sugars through photosynthesis. The balance is in the form of
soluble salts of the enzymes present in the cytoplasm that control energy re-
lease, pH, etc. In conifers, when insufficient Mg2+ is available in the spring to
supply the trees’ needs, Mg salts move from the oldest needles to the youngest,
which are located at branch ends and at the top of the tree. Only the oldest
needles lose their chlorophyll and become yellow since the remaining carotene
pigment is not affected, while the current year needles, with adequate magne-
sium to produce and retain their chlorophyll, stay green. As deficiency devel-

Table 1. Comparison of the molar ratio of Ca2+ and Mg2+ with their antagonistic ion, Al3+, and

of K+ with its antagonistic ion, Ca2+, at 20–30 cm depth in the soil, found to cause nutrient

deficiency in Norway spruce, and the effects of these cationic ratio imbalances on the nutrient

content, in mg g�1 of the first year needles, thus identifying the cation causing the deficiency. From

Hüttl (1985) and Zöttl (1986).

Exchangeable ions in soil Concentration in needles

Molar ratio (Deficiency threshold)

Site *pH Al3+ :Ca2+ Al3+ :Mg2+ Ca2+ :K+ Ca Mg K

(2.0) (0.7) (4.0)

Trees with Ca and Mg deficiency

BadenBaden 3.6 88.1 35.1 0.2:1 0.9 0.4 10.0

Trees with Mg deficiency

Elzach 3.2 23:1 61:1 0.5:1 3.0 0.3 8.6

Trees with K deficiency

Ebnat 5.1 0:1 0:1 45:1 4.9 1.3 2.9

*The pH was measured with CaCl2.
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ops, the older needles, that are near the trunk and below the top, become
brown and drop off, resulting in the ‘subtop dieback’ syndrome. In hardwood
trees the Mg2+ is drawn back into the tree in August and the leaves become
light green to yellow and then to golden brown between the veins, which
remain green (Enders and Evers, 1997).

Calcium is present in the foliage as calcium pectate, the polymer which forms
the cell walls and the veins that comprise the structural parts of the foliage. Ca
is also present in combination with protein and lipids in the membranes that
line the cell wall. As the tree grows, Ca2+ moves up from the fine roots to the
ends of the branches and to the top of the tree and, as deficiency develops, the
youngest needles contain the lowest concentration of Ca, and these needles
show the first symptoms. As deficiency develops in red spruce, fewer and
smaller needles develop at the top of the tree and the ends of the branches, and
during the winter, Ca2+ can be leached from them, without replacement, by
the acidic frost that collects on the foliage. This can explain why, with in-
adequate buffering, the youngest needles turned brown in the late winter and
dropped off in the late spring or early summer on the high mountains of the
northeast United States in the 1970’s and 80’s. This led, in a few years, to ‘top
dieback’ with bare terminal branches, the exact opposite of the symptoms
resulting from Mg deficiency (Tomlinson (1987, 1990)). Ca deficient hard-
woods have smaller leaves that develop early senescence and leaf fall.

Potassium deficiency in conifers results in sparse and smaller needles that
gradually turn yellow throughout all needle age classes. With hardwoods the
leaves are small and change color in August. The coloring is similar to that
developing in normal trees a month or two later and is referred to as the ‘early
autumn syndrome’. Leaf drop occurs a month or two before normal, leading to
bare branches at the top of the tree. (Zöttl et al. 1989). K is present only in the
form of soluble salts that move from cell to cell in the cytoplasm. Examples of
these K-salts are the hormones: indole acidic acid, that each year initiates
annual radial growth, and abscisic acid that terminates it. About 45% of the
sugar produced is utilized in the energy required in producing, from the bal-
ance of the sugar, the proteins, fats, hormones, enzymes, vitamins, and the
polymers such as starch, calcium pectate, hemicellulose, cellulose and lignin.
The Ca, Mg and K salts are essential to the production of these and many
other biochemicals that are required to insure the trees continuing long-term
growth. These nutrients are vital to other plant and also to human and to other
animal life.

4. Chemical weathering and nutrient recycling

The primary source of the nutrient cations is as constituents of insoluble sili-
cates, and/or other minerals that may be present in the rocks, in which they are
present in an inert form. The continuing entry of the nutrients to the soil
solution in forest soils, over many thousands of years, has resulted from the
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slow chemical weathering of the minerals present in the rock that had
fragmented over very long periods of time. The reaction of these minerals with
the H+ ions from carbonic or other acids present in the soil, releases the
cationic ions: Ca2+, Mg2+ and K+ to the soil solution. Because of their positive
electrical charge the cations are immediately stored, as they enter solution,
both on adsorption sites of negatively charged clay particles and as salts of
humic acids that have been previously formed as an intermediate product of
rotting foliage, roots and wood. It is from these storage sites that the cations
are subsequently taken up through the soil solution by the fine roots of the
trees, and to which, when trees die and decompose, the recycled cations return.
A major requirement for the nutrient cations is in the foliage, and the recycling
of the nutrients, released from the decomposition of fallen leaves, forms a
major part of the trees annual nutrition. Likens and Bormann (1995) reported
that the trees in a hardwood forest contained, in 1964–1969, a total of
384 kg ha�1 of calcium in above ground biomass. A total of 49.5 kg ha�1 of
Ca2+ had fallen to the forest floor each year in throughfall, stemflow, and in
fallen leaves and litter. This included 2.2 kg ha�1 deposited each year on the
canopy in dust and rain, bringing nutrients from other geological areas, con-
taining other nutrient elements that may have otherwise been lacking in the
forest soil, Jenny (1980). After decomposition from the rotting of this fallen
organic matter, all of this calcium, together with the other nutrients, are
eventually released by ‘mineralization’ and recycled to the trees.
In order to assess the problems causing forest decline it is useful to first

consider the mechanisms by which the trees obtain their nutrients, why many
acidic soils contain Al3+, and also to determine how these processes can be
affected by continuing acid inputs to the soil. Ulrich (1986) pointed out that the
chemical weathering of silicate minerals forms a major source of the nutrient
cations entering the soil in the form in which they can be taken up by the trees. As
an example, the slow reaction of the mineral anorthite with H+ ions, resulting
from the presence of carbonic acid, H2CO3, or other acids in the soil, releases
Ca2+, leaving insoluble kaolin clay, as shown in irreversible Reaction (1).

CaO �Al2O3 � 2SiO2

Anorthite
þ 2Hþ þ 2HCO3

� þH2O! Ca2þ þ 2HCO3
�

þAl2O3 � 2SiO2 � 2H2O
Kaolin ða clayÞ ð1Þ

The kaolin clay formed as a product of this reaction has a negative charge and
provides cation exchange sites for storage of the released nutrients. Similar
chemical weathering reactions result in the release of Mg2+ and K+ from other
silicates andminerals that contain these elements. The soaking of kaolin with the
water in the soil that occurs over very long periods causes a reaction forming
insoluble AlOOH and SiO2. At least portions of the AlOOH are subsequently
converted to an organic complex (Johnson et al. 1981; Tyler et al. 1987). Over
very long periods of time, insoluble Al2O3 is formed from AlOOH.
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Carbonic acid is formed from CO2 and H2O that dissociates into H+ and
HCO3

� ions as shown in reversible Reaction (2). The CO2 is formed in the soil
as a result of the rotting of the dead roots and the respiration of bacteria,
worms and insects.

H2Oþ CO2 $ H2CO3 $ Hþ þHCO3
� ð2Þ

H2CO3 is a very weak acid and at a pH less then 5, as is now the case in the
soil solution as a result of acid rain, the H+ ion resulting from the strong
H2SO4 drives the reaction to the left, the SO4

2� ion replaces the HCO3
� ion,

and H2CO3 is eliminated from the soil solution as the CO2 returns to the
atmosphere. As a result, weathering now results from the action of the H2SO4,
rather than from the H2CO3 involved in pre-industrial times.

5. Nutrient adsorption and leaching

As the nutrient cations are released to the soil solution in chemical weathering,
they are immediately taken up by the tree’s fine roots or stored on adsorption
or other cation exchange sites in the soil (Ulrich and Matzner 1986). The Ca2+

and other adsorbed nutrient cations remain fixed on the exchange sites and are
only released to the soil solution when they exchange with an equivalent of H+

ions such as in H2SO4 that enter the system. The H+ takes it place on the
exchange site as illustrated in reversible Reaction (3). A similar exchange oc-
curs when the H+ releases Ca2+ from calcium humate where it is held as a salt
(Since the cationic nutrients are held in storage sites by ion exchange in both
adsorption on clay, and as insoluble humate salts, the term (Ca2+ on exchange
sites) signifies that either or both are involved.)

2Hþ þ SO4
2� þ ðCa2þ on exchange siteÞ !Ca2þ þ SO42�

þ 2 ðHþ on exchange siteÞ ð3Þ

As the dilute H2SO4 and HNO3 that are present in acid rain enter the soil
solution, and seep through the soil, their H+ ions displace, by exchange, an
equivalent of nutrient cations from their storage sites, where they were pre-
viously adsorbed on negatively charged clay or held as salts of humic acid. The
negatively charged SO4

2� and NO3
� anions in the soil solution automatically

balance their negative charge with the positively charged Ca2+, Mg2+, K+, and
Na+ cations that are displaced from their exchange sites in the soil by the H+ ions,
thus forming an ‘electrically neutral equilibrium’. About 90% of the H+ ions
exchange with the cations on the exchange sites and the remaining H+, together
with the Al3+, that is released from an organic complex in the soil, also parti-
cipate in the ‘electrically neutral equilibrium’ with the other cations. The relative
amount of each of the cations entering the soil solution is related to its relative
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proportion on exchange sites, on its valence, and on its atomic weight (Sparks
1986). The negatively charged SO4

2� and NO3
� anions seep through the soil in

the soil solution and it is as a result of this equilibrium, that these cationic
nutrients are leached from the soil, as the soil solution drains from the
watershed. Likens and Bormann (1995) have measured the concentrations of
each of the ions present in the dust and rain and in the soil water draining the
hardwood forest on Watershed 6 at Hubbard Brook in New Hampshire on a
continuous basis since 1963. Their data for the cations and anions in Dust and
Rain, (collected in open containers) and in the soil solution, as measured in the
Outlet Stream fromWatershed 6 for two periods, 1963–1974 and 1992–1993 are
shown in Table 2. The units in this Table have been calculated in terms of
eq ha�1 year�1 allowing a comparison of the relative changes in the concentra-
tions of the individual ions, on a comparable basis. Data in the Outlet Stream
show how the relative concentrations of each of the cations that enter the soil
solution had been adjusted by the ‘electrically neutral equilibrium’ between
anions and cations prior to their removal in the leachate from the Watershed
soil. The reduction in the ionic inputs from the Dust and Rain between these two
periods resulted largely from the reductions of the acidic and the particulate
emissions from combustion gas as well as from the reduction of dust as a result
of road paving. The concentration of the nutrient cations in the watershed soil
had been reduced between the two measurement periods as a result of their
uptake by biomass, and by their continuing loss to the Outlet Stream, carried
with the anions that entered the watershed from acid deposition. The relative
concentrations of the divalent Ca2+ and Mg2+ were found to decrease at a rate
greater than that of the monovalent K+. In contrast to the decreasing con-
centration of the nutrient cations in the soil solution, the concentration of the
trivalent Al3+ was found to be increasing, apparently resulting from its mobi-
lization by the increased acidity of the soil solution. This is undesirable since
Jorns and Hecht-Buchholz (1985) found that the concentration of Ca2+ in the
foliage decreases as the Al3+: Ca2+ molar ratio increases above about I: I.
The increase in the amount of SO4

2� in the Outlet Stream, compared with
that entering in Dust and Rain, resulted from the dry deposition of SO2 on the
foliage and bark where it was oxidized by the air to H2SO4 and independently
reached the soil solution in the throughfall. This amount was estimated to be
420 kg ha�1 year�1 (Likens and Bormann 1995). Nitrogen is a nutrient essential
for the production of protein in the leaves but unfortunately an excess is
presently entering the soil in rain and is depleting the supply of the cationic
nutrients. Nitrogen is recycled from fallen litter and can be taken up by the tree
from both the NH4

+ and NO3
� ions. Nitrogen is accumulated in the humus

and is partially released as HNO3 following the rewetting of the soil after a hot
dry summer (Ulrich 1986). This causes a periodic lowering of the pH of the soil
solution and an increase in the loss of nutrients.
The nutrient cations plus Na+ (which is not a foliage nutrient), are referred

to as the base cations, and as they are replaced by H+, the soil pH (as mea-
sured in NH4Cl solution) drops, as shown in Figure 1. In soils having a pH of
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5.5, essentially 100% of the exchange sites are occupied by the base cations. In
the pH range between 5.5 and 4.2, the soil is buffered by one or more of the
base cations. When the continuing acid input has reduced the pH to a value of

Table 2. Flux of ions in bulk precipitation, and in the outlet stream, to and from watershed 6 at

Hubbard Brook, in the periods 1963–1974 and 1992–1993. From Likens and Bormann (1995).

1963–1974

(eq ha�1 year�1)

1992–1993

(eq ha�1 year�1)

Dust+Rain Outlet Stream Dust+Rain Outlet Stream

Cations

Ca2+ 108 684 44 351

Mg2+ 48 257 25 165

K+ 23 48 15 37

Na+ 69 315 63 259

Al3+ – 208 12 286

NH4
+ 161 19 167 15

H+ 969 103 720 107

Total cations 1378 1634 982 1220

Anions

SO4
2� 799 1120 556 863

NO3
� 317 275 358 32

Cl� 198 141 78 93

Total anions 1314 1536 992 988

*In addition to the SO4
2� entering the system in bulk deposition, SO2, equivalent to

420 eq ha�1 year�1, has been estimated to be dry deposited on the trees (Likens and Bormann, 1986).

Figure 1. The relationship between soil pH and % base saturation. Adapted from Coote et al.

(1981).
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4.2, the exchange sites are occupied by H+ ions and in addition, because of the
decreased pH, by Al3+ ions. At pH 4.2 the AlOOH enters solution as Al2(SO4)3
and the soil solution becomes buffered by the A13+ ion. In most locations the
drop in pH to a value below 4.2 can require very many decades. This is because
the rate of entry of H2SO4 to the soil each year is relatively very small in
relation to the large quantity of Ca2+ and other cations, that had been initially
accumulated in the soil, and that are ultimately displaced by exchange. Al-
though at pH values of around 4 most of the previously stored nutrient cations
have been removed from exchange sites, their continuing recycling from rot-
ting wood provides, for many years, a continuing supply. The leaching loss of
cations from the soil is a major concern, and Tyler et al. (1987), found that the
weathering rates of the minerals in the soil of Skåne in south Sweden, were
unable to ‘keep pace with the rate of acid input in recent decades’. They esti-
mated that half the Ca2+, Mg2+, and K+ formerly present in south Swedish
soils in 1948–1953 had been replaced by H+ and A13+ in 1958. Driscoll et al.
(2001) stated that at the Hubbard Brook Experimental Forest the available Ca
pool in the soil appears to have declined 50% over the last 50 years.

6. The vascular system and cation transfers

In a healthy forest, the soil, the fine roots, and other parts of the tree have
remarkable interrelated ion exchange properties that allow the storage of the
nutrient cations and their transfer, back and forth, between soil and tree (Ledin
and Wiklander 1974). The nutrient cations, together with water, are required
in the foliage, where the many reactions essential for the trees’ growth and
survival take place. The vascular system in conifers consists of hollow inter-
connecting wood fibers, called tracheids, providing passages of about 10 m
diameter for the movement of water and nutrients from each of the fine roots,
through the main roots, the trunk, and the branches, to each leaf or needle in
the tree’s crown. In hardwoods the corresponding water-conducting units are
called vessels and these have a similar function to that of the tracheids. The
internal walls of each of these passages are lined with the calcium salts of
hemicellulosic acids, which provide an ion exchange column from the fine root
tips, where the Ca2+ enters, to the top of the tree (Timell (1965); Simson and
Timell (1978)). As the tree grows in height, the vascular system is extended, and
the H+ ions, formed in the hemicellulose acids that line the inner walls of each
new connecting trachied, exchange with the Ca2+ions in the tracheid to which
it has just become attached. The H+ ions simultaneously move down to the
fine roots to the soil solution, step by step, as an equivalent of Ca2+, released
from its exchange site in the soil, moves up in response (Bell and Bidulph
(1963); Shear and Faust (1970)). Calcium pectate, a tough flexible polymer, is
the principal constituent that forms, in the leaf ’s cells and veins, an extension of
the exchange column from that in the wooden twig. Synthesis of the pectic
acid, in the position of the leaf it will occupy, occurs at the same time as it
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reacts with the Ca2+ to form its solid calcium salt, since unreacted pectic acid
would form a viscous acidic solution and not provide the structure to the leaf.
The two H+ ions released in the reaction are immediately exchanged with the
Ca2+ discharged from the pectate molecule previously formed, and these move
down the exchange column as the Ca2+ moves up. As the H+ ions enter the
soil solution they exchange with the Ca2+ on adjacent exchange sites, allowing
Ca2+ to move up the exchange column as the H+ ions come down. The trees’
use of the ion exchange column for transfer not only prevents the buildup of
acidity in the crown, but also provides the H+ ions that release the required
Ca2+ from the exchange sites in the soil. It also allows the H+ ions to move
down the walls of the vascular passageway as the transpiration water moves
up. The transfer of sugars and nutrients from the foliage to the fine roots is
through the sieve elements, located in the phloem (inner bark) which contains a
high concentration of calcium pectate providing the flexibility to respond to the
trees increased diameter (Painter and Purves 1960). The sieve elements deliver
sugars to the cambium where new radial growth takes place and to the ray cells
where sugars and nutrients are stored. The divalent Mg2+ transfers from
the soil to the foliage in the same way as that described for Ca2+. In contrast,
the monovalent K+, with its single valence, enters and moves up the tree in the
transpiration water (Bell and Bidulph 1963), with any excess being excreted
from the foliage and washed to the forest floor in rain. The PO4

3� and other
anionic nutrients are not directly affected by acid rain and they also enter the
tree’s fine roots with the transpiration water.

7. The pre-industrial accumulation of nutrients in the soil

Unfortunately no measurements of the transfer of the cationic nutrients be-
tween the soil and tree had been made in the late 1800 s when the emissions of
SO2 and NOx in the United States were becoming significant during the de-
velopment of the industrial age. However it is known that the world’s virgin
forests had been able to reproduce on the same sites, from generation to
generation, for many thousands of years. It is also apparent, from presently
known chemical reactions, that the trees had established chemical mechanisms
for their growth using the byproducts from their own key reactions, thus
guaranteeing their continuing survival. It had appeared that the forest growth
could continue indefinitely. The acid needed for weathering was H2CO3,
formed in the soil from H2O and the CO2 released from the respiration and
decomposition of roots (Ulrich 1986). The nutrients and micronutrients that
may have been in low concentration in the native soil were brought in from
other geological areas in dust and rain. These, together with the cations re-
leased in weathering and in mineralization, were concentrated, for future
generations of trees, by ion exchange on the clay (Ulrich and Matzner 1986),
and with salts of the humic acid, that had formed as byproducts in the reac-
tions of the forest soil. When required for new growth by the tree, for instance
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in the production of Ca pectate, Ca2+ from exchange sites in the soil trans-
ferred, in a series of exchanges, through the soil solution to the fine roots and
up the ion exchange column in the tree where it exchanged with the H+ ions
formed in the nascent pectic acid. It is apparent that no outside source of acid
was required for the transfer of the Ca2+ from the soil to the crown of the tree.
By exchanging the H+ ions, generated in the tree’s crown, with the exchange
sites in the soil vacated by the Ca2+, the sites again became available for
storage of the Ca2+ regenerated in the mineralization of rotting wood. The
presence of H2CO3 established the pH and the Ca2+ and HCO3

� concentra-
tions in the soil solution as shown in reversible Reaction (4).

2H112HCO3
21ðCa21 on exchange siteÞ !Ca2þ þ 2HCO3

�

þ 2ðHþ on exchange siteÞ ð4Þ

H2CO3 is a very weak acid with a dissociation constant of only 4.3	 10�7
compared with 1.2	 10�2 for H2SO4. Because of the lower dissociation con-
stant of H2CO3, compared with that of H2SO4, the availability of the H

+ and
HCO3

� ions in pre-industrial soil solutions was very substantially less than that
with the present H+ and SO4

2� that now dominate the soil. The equilibrium of
Reaction (4) is largely on the left hand side, resulting from its weak dissocia-
tion, as is indicated by italics. This resulted in a low concentration of Ca2+

in the soil solution and therefore a low rate of Ca2+ loss in the outlet stream
from the soil. The closed recycling in the virgin forest resulted in the large
accumulation of Ca2+ and other cationic nutrients on exchange sites requiring
only a low nutrient input available from chemical weathering. This had allowed
the forest to reproduce on the same soil, over very long periods of years,
without exhausting the critical nutrient cations released from the rock. Com-
parison of Reaction (3) with Reaction (4), which differ in the dissociation
constants of the acids driving the reactions, illustrate why acid rain increased the
Ca2+ in the soil solution resulting in the increased loss of Ca2+ to the effluent
stream. This explains how the input of H2SO4 and HNO3, as shown in Reaction
(3), with their higher dissociation characteristics, has reversed the mechanisms
that previously controlled forest growth. As will become apparent from the
discussion of the data from Hubbard Brook, the effect of the strong acids has
not only resulted in the leaching of the Ca2+ from its previous large inventory
but is now removing, to the stream, the recycled Ca2+ and other nutrients
released in mineralization.

8. The watershed study at Hubbard Brook

The continuing experimental studies carried out by Likens et al. (1998), in-
volving the measurements of the nutrient cation and H+ ion transfers to and
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from the soil of Watershed 6 at the Hubbard Brook Experimental Forest,
started in 1963. In addition, the transfer rates of Ca2+ to the forest biomass,
together with biomass growth, were measured, in intervals of five years or
more. These studies also established the chemical weathering rates of Ca2+ and
other nutrients that, together with those present in the dust and rain, control
the continuing entry of cationic nutrients to the soil. With the information
obtained from their studies Likens et al. (1996, 1998) established, by means of
material balance calculations, at intervals of 5 years or longer how acid rain,
over many decades, has affected the changes in biomass growth and in nutrient
loss from the soil.
Their studies established, as discussed in Section 5, and indicated in Reaction

(3), that the effect of SO4
2� and NO3

� anions entering the soil solution had
been to initially increase the concentration of Ca2+ and other nutrient cations
in the soil solution that seeps through the watershed soil to the outlet stream.
In addition, the greatly increased nutrient concentration in this solution, shown
in the 1963–1974 period of Table 2, simultaneously increased the rate of
transfer of Ca2+ and other nutrients to the biomass resulting in a fertilizing
effect that led to its initially increased rate of growth. These studies also es-
tablished that the combined increased rates in the transfer of Ca2+ to the
stream and to the biomass exceeded the rate of replenishment of the soil from
weathering, mineralization, and from dust and rain. This inevitably led to the
depletion, over very many decades, not only of the very large initial reserve of
Ca2+ that had previously accumulated on exchange sites in the soil, but also of
the Ca2+ that had been mineralized during the same period from the organi-
cally combined calcium in rotting roots and other woody material in the soil.
The data in Table 3(A), showing the Ca2+ content of the biomass at the intervals
at which it was measured, indicates that its continuing transfer to the biomass all
but stopped in 1982 (data in Table 3 adapted from Table 7 of Likens et al.
(1998)).

As the inventory of the Ca2+ on exchange sites became depleted in the 1970’s,
the rate of growth of biomass on Watershed 6 also decreased, leading to the
absence of further incremental growth in the periods following 1982, as shown in
Table 3(B). The forest on Watershed 6 had been harvested and the growth of
the present forest started in 1915. Thus net biomass growth stopped when the
trees were only 67-years old, Although some trees on the watershed showed
continuing growth, this was offset by the death of other trees and branches. As
noted in this regard in the Likens et al. (1998) paper, only standing dead wood
was measured, and it is possible that the loss of biomass as a result of death of
unmeasured fallen branches could have been greater than recorded. When trees
die, the organically combined calcium and other nutrient cations contained in
the foliage, the fine roots, and the above- and below-ground parts of the tree,
all eventually become mineralized and recycled. The exchangeable cations thus
formed become available to the neighboring trees, which can, or already share,
overlapping space in the soil for their fine roots. However, when the nutrients
are released by dying trees at a rate greater than they can be immediately taken
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up by neighboring trees, the surplus nutrients are not washed away. They are
held in the soil on exchange sites and are subsequently utilized in new growth.
The resulting effect of this ‘fertilization’ that has been observed a few years
later, explains the apparent recovery following a period of serious forest de-
cline. Only the nutrients, removed at the rate controlled by the rate of flow of
the SO4

2� and NO3
� are lost in any given period of years. This results in a

relatively constant total amount of live plus dead biomass on the watershed
(Likens et al. 1998). Since the biomass growth has now become limited to the
cationic nutrient content in a given area of soil, it does not allow the forest to
increase its biomass, per hectare, to a value greater than that attained im-
mediately prior to the period of decline
The measurement of the Ca2+ content of the biomass was carried out in

each period after the foliage had formed on the trees. Thus the difference
between the values obtained in successive 5 year measurement periods gives the
change in the net transfer of Ca2+ to biomass. This value is the difference
between the Ca2+ transferred to biomass including the foliage, in successive
periods, and therefore does not accumulate the quantities of Ca2+ taken up to
supply the leaves each year since this quantity is cancelled out when the leaves
fall from the tree in the autumn. The calcium content of the foliage amounted
to 24.8 kg in 1992 and the substantial amount of sugars required in the pro-
duction of this foliage can only be produced when photosynthesis is taking
place. This normally occurs in August and September of the previous year,
when the sugars, and other nutrients required for the foliage and for re-
plenishing the fine roots, are prepared and stored in the ray cells. These cells,

Table 3. Calcium content of live and dead standing trees (A). Total above and below ground

biomass on Watershed 6 at Hubbard Brook (B). From Likens et al. (1988).

1965 1977 1982 1987 1992

A. Calcium in Biomass (kg ha�1)

Live

>9.6 cm 445 652 704 699 711

1.6–9.5 dbh 38 – 25 31 40

Dead

>9.6 – 26 29 35 40

1.6–9.5 cm dbh – – 1.0 1.4 1.1

B. Biomass (kg 103 ha�1)

Live

>9.6 cm 149 218 235 234 237

1.6–9.5 cm dbh 11 – 8 10 12

Dead

>9.6 cm – 10 11 14 15

1.6–9.5 cm dbh – – 0.52 0.62 0.45

* In calculating the amount of Ca2+ in biomass, and the increase in biomass, only the trees greater

than 9.6 cm diameter than breast height for the years 1965, 1977 and 1982 were used.
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which are provided for this storage, are located radially in the trunk and are
fed from the leaves through the sieve elements which extend from the leaves to
the fine roots through the phloem or inner bark, and also provide for the
delivery of the sugars and nutrients to the stems and branches the following
spring.
It might be assumed that a knowledge of the amount of the cationic nutrient

formed by mineralization each year would be essential for calculating a ma-
terial balance but unfortunately this cannot be obtained directly. However,
Likens et al. (1998) established that it is possible to estimate the rate of de-
pletion of the calcium in the soil, for any fixed period of years, by measuring
the difference between a and b

a= the rate in which Ca2+ was removed in biomass and in stream water and
b= the rate in which Ca2+ was replenished from weathering and in dust and

rain.

When calculated in this way, the depletion rate includes the Ca2+ formed
from the organically combined calcium that was mineralized from rotting
wood and foliage during this period and removed, by exchange, together with
that portion of exchangeable Ca2+ previously available in the soil, that was
simultaneously removed during this period. This made possible the data in
Table 4. This reports the Ca2+ depletion and transfer data calculated in terms
of kg ha�1 year�1 and in addition, the biomass formed, in metric tons
ha�1 year�1 (data adapted from Tables 2 and 5 of Likens et al. (1998)). These
data, in which the rate of mineralization is included in the material balance, are
plotted in Figure 2, and they allow important insights into the successive
changes caused by acid deposition that have occurred over long periods of
time, in the forest and its soil. The rates of depletion and of transfer of Ca2+

shown in Table 4 and Figure 2 add important clues as to the past history of the
soil processes that occurred in the forest and in its soils in Watershed 6 prior to
the Hubbard Brook study. The very serious rate of depletion of Ca2+, that had
resulted in a drop of from 25.53 to 6.4 kg ha�1 year�1 in the 17 years between
1965 and 1982, as shown in Table 4, clearly demonstrates that in an earlier
period, prior to this study in the 1960’s, the rate of transfer of Ca2+ to the
biomass and to the stream water had definitely increased at a substantial and
unsustainable rate. This resulted from the flow of H2SO4 and of HNO3 in the
rain.
As is apparent from the discussion of Table 3(A) and (B), the growth of

biomass depended on the amount of Ca2+ taken up by the trees roots. As
described in Section 6. The effect that the uptake of Ca2+ has on biomass
growth results from its ability to initiate the synthesis by the tree of organic
acids, such as pectic acid, from which it forms Ca pectate, the main constituent
in the leaves, the phloem (inner bark), and the fine root cortex. As each di-
valent Ca2+ ion reacts with pectic acid in the formation of the leaves, two H+

ions are released, and these provide the necessary means of transfer of Ca2+ by
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ion exchange, from its exchange site in the soil to the crown of the tree, as the
H+ ions move down, step by step in the opposite direction. The rate of transfer
in the ion exchange column between the fine root and the leaf, by maintaining
electrical neutrality, is virtually instantaneous. However this transfer will
temporarily stop if the Ca2+ in the soil solution adjacent to the root tip,

Table 4. The change, with time, that occurred in the Ca2+ balance on watershed 6, indicating the

depletion of the pre-industrial inventory of exchangeable and organically combined calcium, and

on net Ca2+ uptake by net biomass, and its effect on the change in biomass growth while the Ca2+

loss to the stream continues. Adapted from Likens et al. (1988).

Units 1965–77 1977–82 1982–92 1992–93

(1971)* (1979.5) (1987) (1992.5)

1. Ca depletion from soil

inventory

kg/ha/year 25.53 16.20 6.41

2. Ca2+ taken by net biomass** kg/ha/year 17.23 10.50 2.18

3. Ca2+ lost from soil in stream

water

kg/ha/year 12.86 9.56 7.79 7.03

4. Live net biomass** formed kg/ha/year	103 4.9 5.0 0.6

5. Ca2+ entering soil from

weathering

kg/ha/year 2.56 2.56 2.56 2.56

6. Ca2+ entering soil from

dust/rain

kg/ha/year 2.0 1.3 1.0

*The midyear in each period is used in plotting the data in Figure 2.

**Net Ca2+ taken up by biomass is the difference in uptake between successive years.

Figure 2. The effect of Ca2+ depletion on net Ca2+ transferred to biomass, in kg ha�1 year�1, and

its effect on biomass growth in metric tons ha�1 year�1. Adapted from Likens et al. (1988).
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because of a low initial Ca2+ concentration in the soil solution, becomes de-
pleted. As indicated in Reaction (4), the concentration of Ca2+ in the soil
solution was substantially lower in pre-industrial times and yet it is known that
the trees had grown at a reasonable rate. Trees have a very large fine root
system that developed, by recycling mineralized nutrients during the pre-in-
dustrial era, and produced very large inventories of Ca2+ on the exchange sites,
thus compensating for the low concentration of Ca2+ ions in the soil solution
that then resulted from H2CO3 acidification.
Russell and Clarkson (1976) found that the Ca2+ uptake by the fine roots is

confined to their tips, and it had been found by Clarkson (1969) that when the
Ca2+ in the soil solution, adjacent to the tip, becomes exhausted, the fine roots
develops branches with additional terminal tips, giving it a ‘coral like’ ap-
pearance. When one digs in the soil it is apparent that the soil solution does not
form a body of liquid in which mixing by convection can take place, and in
which ion exchange would be instantaneous. Instead the soil solution is dis-
tributed in a thin aqueous film that surrounds each grain of soil, between which
the fine roots have penetrated. Since the fine roots are wedged between the soil
grains, the volume of soil solution surrounding each fine root is greatly limited,
and a reduced Ca2+ concentration in this critical zone can occur rapidly and
independently of that in the main soil solution seeping through the soil. This
results from the slow rate of diffusion of ions in thin liquid films such as those
surrounding the fine roots, particularly when their concentration in the soil
solution is low as was the case in pre-industrial times. In the absence of an
adequate concentration of Ca2+ ions in the soil solution surrounding the fine
root, its depletion at a fine root tip, would prevent transfer from that tip to the
leaf, until Ca2+ from a non-depleted zone diffused in, or a new tip was formed
on the fine root. Wood et al. (1984) examined the fine root system, which they
separated from the soil in test cores taken from the Hubbard Brook Forest in
1977. Their data indicated that under each square meter of soil, the total length
of the elongated cylindrical fine roots, which had an average diameter of 0.6mm,
was 24.7±3.2 km and that these carried 3.8±0.6 million root tips. This ex-
traordinarily large system of fine roots and root tips, when combined with the
very large Ca2+ ion inventory that accumulated in pre-industrial times, would
have been developed by the tree to compensate for the low concentration of
cationic nutrients in the soil solution and for the delayed nutrient transfers that
can occur adjacent to the individual fine roots. Thus by shortening the distance
the H+ ions would have to travel between the root tips and the Ca2+ on
exchange sites would allow a more rapid rate of transfer to the reaction site in
the foliage and thus to the reasonable rate of biomass growth that took place in
pre-industrial times. The entry of H2SO4 and HNO3 to the soil in the late 19th
Century resulted in the greatly increased concentration of Ca2+ and H+ in the
soil solution that, combined with the very large number of root tips and the
very large inventory of Ca2+ that had built up on exchange site no doubt led to
the initial increased rate of transfer to the fine roots. This indicates that
this early effect of acid deposition resulted in the increased rate of growth on
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Watershed 6 observed by Likens et al. (1998) during the 1960’s and 70’s.
Unfortunately this increased rate of transfer of Ca2+ to biomass, together with
the greatly increased loss to the Outlet Stream from 1880 to 1980, resulted in an
unsustainable rate of growth. After approximately 100 years this resulted in the
depletion of the very large reserve storage of Ca2+ that had accumulated on
the exchange sites in the soil and to the cessation of net biomass growth on
Watershed 6.
Fortunately theWatershed Studies by Likens et al. (1996) were initiated in the

1960s, prior to the period when the rate of depletion of Ca2+ had become greater
than its rate of input from the exchange sites in the soil. This permitted an
understanding of the serious resultant long-term sequence of the events that has
resulted from the introduction of acid deposition to the forest ecosystem. This is
illustrated in data from Lines 1 to 6 in Table 4 corresponding to Curves 1 to 6 in
Figure 2. The values shown in the graph are the mid points of the measurement
periods. As the inventory of Ca2+ in the soil became depleted (Line 1), the net
Ca2+ taken up by biomass decreased (Line 2) and net biomass growth all but
stopped (Line 4). The rate of Ca2+ entering the soil solution from weathering
was found to be only 2.56 kg ha�1 year�1 (Line 5). When this is added to the
1.0 kg ha�1 year�1 entering in dust and rain in the 1982–1992 period (Line 6), the
total rate of input from outside the Watershed amounts to 3.56 kg ha�1 year�1.
The total rate of Ca2+ loss from the soil to the stream (Line 3), was
7.79 kg ha�1 year�1 in the same period, and therefore the net rate of loss from
Watershed 6 was found to be 4.23 kg ha�I year�1, this coming from recycled
Ca2+ formed from mineralization of the fallen dead wood that will continue for
many years. The rate of loss of Ca2+ to the stream is controlled by the rates of
flow of SO4

2� and NO3
� multiplied by the percentage that Ca2+ constitutes of

the total cations that are carried in the ‘electrically neutral equilibrium’ from the
watershed. As shown in Table 2, the Ca2+ carried in the effluent, dropped from
12.86 to 7.01, from the 1963–1974 to the later period of 1992–1993. The strong
acids will therefore continue to remove Ca2+, and the other nutrient cations
from the soil of Watershed 6 at a rate greater than they are replaced by their
inputs from weathering and from dust and rain. This can be seen from the
relative slopes of Curve 3 with that of Curves 2 and 4 in Figure 2, which indicates
that the serious leaching of Ca2+ is continuing, regardless of the fact that there is
no longer a sufficient supply on exchange sites to allow its transfer to net bio-
mass. Unlike the organic acids that are synthesized in a fixed position in the tree,
and therefore must attract the Ca2+ to them, the strong mobile anions, SO4

2�

and NO3
�, will continue to preferentially carry Ca2+ and the other nutrient

cations remaining in the soil, as long as these strong acids remain a significant
constituent of the rain. The H+ ions that enter the soil in the rain, and release an
equivalent of cations from the exchange sites, are carried from the soil by the
strong acid anions, while the H+ ions, generated in the pectic acid, replace the
Ca2+ ions from the exchange sites in the soil and are retained in the tree.
It appears that when the rate of loss of Ca2+ from the watershed exceeded

that of its replenishment from weathering, and from dust and rain, hormonal
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control directed the nutrients and sugars to the production of foliage, rather
than to woody-matter, since without successive crops of leaves, the trees would
die. Mineralization of litter-fall from the previous and earlier years, supple-
mented with Ca2+ recycled from dead wood, has provided the continuing
supply for the leaves that reappear each year. Although there is no doubt still a
substantial amount of organically combined Ca from dead wood remaining in
the soil, without current net biomass growth, long-time storage of Ca2+ in
wood, bark, and roots is no longer taking place, reducing the amount that will
be available for foliage. As this eventually becomes depleted, less Ca2+ will
become available for supplying the make-up for foliage each successive year.
This appears to be already occurring, and the Ca content of the foliage on the
watershed, as a % of its dry weight, has decreased since 1965. In the case of
sugar maple, the value of 0.6% Ca in 1965 decreased to 0.52% in the 1992–
1995 period. At the higher elevations of 715m on the watershed, where
mortality of maple had significantly increased between 1982 and 1992, the
concentration was 0.38% indicating that deficiency in this zone is probably
already involved (Likens et al. 1998). It is expected that as the trees on the
watershed die, and release their Ca and other nutrients to exchange sites, the
accumulated Ca2+ will be taken up by neighboring trees and in seedlings, and
that the forest will continue to survive for many years. However, because of the
continuing depletion of mineralized Ca2+, living biomass will decrease as the
portion of dead biomass increases.
The data obtained at Hubbard Brook has allowed an examination of the

effects that H2SO4 and HNO3 have had by displacing H2CO3 as the dominant
controlling acid in the soil, indicating how this has greatly changed the present
and future nature of a forest effected by acid deposition. Although Ca is the
deficient element at this location, it is apparent from the properties of the Mg
and K elements, in relation to these acids, that similar sequence of reactions are
taking place in forest soils where, because of an initial low concentration in the
native stone, a deficiency of these elements has, or will, take place. The findings
at Hubbard Brook have allowed an understanding of the serious changes now
occurring in these forests and their soils that will continue until the emissions of
SO2 are greatly reduced.

9. Related growth problems in the northeast USA

An important related series of experiments is being carried out adjacent to
Whiteface Mountain in New York State, and the results of the first 10-year
period were recently reported (Friedland and Miller 1999). This study illus-
trates the conditions that prevail when red spruce and birch gradually die and
balsam fir utilizes the nutrients released. Experimental plots were established
on the flank of Esther Mountain, a sub peak of Whiteface Mountain, in an
area where the earlier decline and death of red spruce was less severe than on
the main mountain. Miller and Friedland (1999) found that ‘‘The forest at the
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1050m sampling site exhibited a gradual loss of mature individuals of red
spruce, and to a lesser extent white birch, from 1985 to 1995. At the same time,
vigorous growth of balsam fir stabilized the total leaf area of the stands over
the period’’. Although this site did not constitute a watershed with an out-
flowing stream, soil solution was continuously withdrawn from below the
rooting zone, and the loss of the ions draining from the soil was calculated in
terms of kg ha�1 year�1. A number of the variables that parallel those carried
out at Hubbard Brook, and related data from the two sites, are shown in
Table 5. At the higher elevation, the Esther Mountain site received slightly
more than twice the amount of SO4

2� and NO3
�, while its biomass is only

about 60% of that at Hubbard Brook. In both cases forest incremental growth
has essentially stopped, being only 0.3 on the Esther Plot compared with 0.6
metric tons ha�1 year�1on Watershed 6. The amount of Ca2+ transferred to the
biomass on the mountain site is 46% of that at Hubbard Brook, while the
annual input is just a third, only 0.7 kg ha�1, in both cases an inadequate
amount to promote increased growth. Although the weathering rate and inputs
from dust and rain were higher on the mountain site, the higher rate of acid
input, with the resulting correspondingly higher rate of Ca2+ outflow cancelled
this advantage. It should be noted that the SO4

2� and the NO3
� continued to

carry 10.7 kg ha�1 year�1 Ca2+ to the stream, leaving only 0.7 kg ha�1 year�1

for the biomass. Biomass growth all but stopped while the Ca2+ continued to
drain from the soil, paralleling the situation at Hubbard Brook.
Because of concern in relation to the decline of red spruce on the high

mountains of the northeast, Hornbeck and Smith (1985) designed a study to
see whether this species was declining in growth over its northern geographical

Table 5. Comparison of data relating loss of Ca2+ from soil with growth of biomass on watershed

6 at Hubbard Brook and Esther plot on Whiteface mountain. From Likens et al. (1988) and

Friedland and Miller (1999).

Hubbard Brook

(Watershed 6)

Whiteface

(Esther plot)

Elevation, m 280–725 (525–625) 950–1150 (1050)

Acid input kg ha�1 year�1

H+ 0.72 1.27

SO4
2� 26.7 54.9

NO3 22.2 76.2

Live biomass kg 103 243 (1982) 147 (1985)

249 (1992) 150 (1995)

Biomass growth kg 103 ha�1 year�1 0.6 0.3

Ca2+, live biomass kg ha�1 729 (1982) 339 (1985)

751 (1992) 346 (1985)

Ca2+ uptake kg ha�1 year�1 2.2 0.7

Ca2+ weathering kg ha�1 year�1 2.56 8.6

Ca2+ dust rain kg ha�1 year�1 1.0 3.3

Total input 3.56 11.9

Ca2+ to stream kgha�1 year�1 7.79 10.7
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range and if so when it began. They measured the mean radial increment of
3000 red spruce trees growing from northern New York State to Maine be-
tween the years 1900 to 1990 as shown in Figure 3(A). Based on these data they
calculated the mean basal area increment, as shown in Figure 3(B) which,
because it measures the area of the annual ring, rather than just its width, gives
a better indication of net biomass incremental growth. This showed that the
common pattern of a substantially increased growth was followed by a marked
decrease in the 1960’s, and it was suggested that the loss in growth might be
related to acid rain. As has since become apparent, the EPA estimates (Baker
et al. 1993) of sulfur dioxide and nitrogen oxides for the period from 1900 to
1990, shown in Figure 4 (A and B), follow a similar pattern, indicating that this
may indeed be the case. Bondietti et al. (1990) considered the findings of
Hornbeck and Smith and hypothesized that the anomalous increase in growth
of red spruce prior to the 1960s’, followed by the subsequent anomalous de-
crease, resulted from changes in the nutrient content of the soil solution caused

Figure 3. Mean radial increment (A), and basal area increment (B) of 3000 Red Spruce. NY, 224;

VT, 302; NH, 391; North ME, 1691; South ME, 404. With permission, Hornbeck and Smith (1985).
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by acid deposition. Reaction of the H2SO4 and HNO3 with the Ca2+ on ex-
change sites would be expected to initially increase the concentration of the
Ca2+ and other divalent cations in the soil solution, as shown in Reaction (3)
and then, because of the prolonged leaching from the soil, the concentration
would be reduced resulting in decreased growth. Since current measurements
of foliage and soil solution cannot be used for establishing values in earlier
years, they measured instead, the content of the divalent ions in the annual
rings of the wood at 5 year intervals, starting in 1940. They found that in most
cases the concentration of the divalent ions were consistent with their theory
and concluded that an unsustainable amount of Ca2+ had entered solution as a
result of the acid input to the soil, resulting in an initial increase in growth, and
that the subsequent anomalous decrease in growth resulted from the loss of
Ca2+ from the soil during the previous ‘long period of enhanced mobilization’.
The hypothesis of Bondietti et al. (1990) was clearly justified by the subse-

quently published Hubbard Brook studies. These, and other studies, indicate
that the problems caused by the leaching of nutrients by acid rain are wide-
spread across the northeast, and probably well beyond. Rapid and more ser-
ious loss in growth was particularly serious at higher elevations. Vogelmann
et al. (1988) reported on a series of ecological studies on Camels Hump
Mountain in Vermont, where serious tree mortality occurred. This showed that
the net biomass of red spruce at an elevation of 790–1035m elevation had
decreased from 1965 to1986 by 74%, while that of sugar maple growing at 550–
790m had decreased by 27%, and that trees of other species were also affected.
Tomlinson (1987) found that red spruce showing early signs of decline on

Figure 4. Annual emissions of SO2 in USA (A). Annual emissions of NOx in USA (B). From

NAPAP Annual Report to Congress (1992).
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Camels Hump where deficient in both Ca and Mg. This serious damage is
related to the increased acid deposition that occurs on mountains impacted
by acid clouds. Johnson (1987), using data from Lovett et al. (1982), showed
that the H2SO4 and HNO3 input, including cloud drip, on Mt. Moosilauki
(1400m), are three and five times greater respectively, than the inputs at
Hubbard Brook, just 12 km away. The fact that 26% of the red spruce biomass
survived in 1986 was no doubt related to the self-fertilization resulting from the
mineralization of dead and dying trees which were then being released at a rate
faster than they were being leached by acid from the soil. It is apparent that at
locations where mortality occurred over large areas, close to a major source of
SO2 emission, such as at the nickel smelters at Sarnia, Ontario, the rate of
H2SO4 input to the soil had been greater than the rate of nutrient release from
mineralization. This explains why the soil would not support vegetation
without prior fertilization when tested in the laboratory as found by
Hutchinson and Whitby (1977).
Although the timing of the reduction in growth in the early 1970’s at Hubbard

Brook coincided with the reduction in SO2 emissions, it is probably related more
closely to the initial inventory of calcium on exchange sites, the rate of acid
input, the rate of weathering, and the tree species. In the higher mountain areas
the growth reduction occurred in the early 1960’s. The 1992 EPA data on SO2

and NOx emissions that appear to be closely related to the period of increased
growth as measured by Hornbeck and Smith (1985) indicate that the problem of
reduced growth of red spruce started about 70–80 years after acid rain entered
the soil. Likens et al. (1998) estimated the loss to the stream of exchangeable
Ca2+ and organically combined calcium, between 1962 and 1982, was of the
order of 397–461 kg ha�1 year�1. Judging from the area of SO2 emissions under
the curve in Figure 4(A) the loss prior to 1960 was at least equal to, and probably
1.5 times greater, of the order of 400–600 kg ha�1 year�1, resulting in a total Ca
loss of the order of 800–1000 kg ha�1, from 1900 to 1982. Unfortunately, in spite
of the fact that biomass growth has stopped at Hubbard Brook, the loss of Ca2+

to stream water is continuing, removing the Ca2+ formed in weathering, and
deposited in dust and rain, and also resulting in a continuing drain on that
formed on the watershed by mineralization of accumulated organically com-
bined calcium that had been previously retained in biomass.
The same chemical reactions that have caused this loss will also lead to loss

of biomass growth in any other area of the world impacted by acid rain where,
because of the rate of acid input, the rate of loss of Ca2+, or other cationic
nutrient, is greater than its rate of input to biomass. This applies not only to
forest soils but also to field and cropland, from which animals and humans
obtain their nutrients, but because of the difference in biomass, a different time
frame will be involved. In limestone and other calcareous soils there is an
abundances of easily weathered Ca. However it is in such soils that potassium
is likely to become deficient and the Ca2+ will act as an antagonist as occurred
at Ebnat in southern Germany as shown in Table 1. The high molar ratio of
Ca:K of 45:1 at this site resulted in K deficiency, the foliar value of K being
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2.9mg g�1 compared with the threshold deficiency value of 4.0mg g-1. Fertili-
zation with K increased the value to 5.1mg g�1 (Hüttl 1985). Although it is
normal to fertilize crops where the profit will cover the cost, fertilization of the
vast forests of North America is a virtually impossible task. However, small
scale fertilization studies are of great value for diagnostic purposes.

10. Biomass growth and global warming

The earth is warmed from the sun by visible light that has wavelengths in the
range of 4000–7000 Å units. Warmth is radiated from earth in the infrared range
that has a wavelength of over 7000 units. Whereas the atmosphere is largely
transparent to visible light, certain gases, chiefly carbon dioxide and water va-
por, retain heat otherwise radiated from the earth through the atmosphere, the
extent depending on their concentrations. Since the average water content of the
atmosphere increases with its temperature, the concentration of CO2 plays a key
role in our climate. The combustion of carbon-containing fossil fuels is in-
creasing, from year to year, the quantity of the total CO2 in the atmosphere. The
growing forests and their soils form an active sink for CO2, reducing its con-
centration during periods of growth and increasing it during periods of biomass
death and decay. A detailed discussion of Global Warming is beyond the scope
of the present paper. However, the results at Hubbard Brook appear to have
some relevance to this problem and should be examined more closely. Fan et al.
(1998) have pointed out that the concentration of CO2 in the atmosphere passing
over the North American continent actually decreases between the Pacific Ocean
on the west coast and the Atlantic coast on the east. This indicates, surprisingly,
that in North America a greater amount of CO2 is being taken up in biomass
growth than is presently being generated in emissions. Their data indicates that
the increasing concentration of CO2 in the Northern Hemisphere results from
higher net emissions from the North Africa and the Eurasia continental areas
that reach the North American west coast. They estimate that in North America
1.7±0.5 Pg year�1 of CO2, calculated as C, are taken up by biomass
(Pg=1015 g) compared with 1.6 Pg year�1 released in emissions. They suggest
that this could result from an increase in growth of biomass resulting from a
combination of increased NOx deposition, warmer temperatures and increased
CO2, as well as forest regrowth on abandoned farmland and in previously logged
forests. Fan et al. (1998) acknowledge that there is considerable uncertainty as to
the magnitude of the increase, and that the cause is unknown. They state that in
addition to other requirements, ‘intensive atmospheric sampling, and ecological
field studies to identify the location and cause of North American terrestrial CO2

uptake’ are required. The possibility should be considered that in areas with
higher initial concentrations of Ca2+, or other nutrients in the soil, growth is still
proceeding at an increased growth rate as a result of acid rain.
In a recent review, Wofsy (2001) in a discussion of papers on global warming

by Pacala et al. (2001) and by Fang et al. (2001) published in the same issue,
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headlined his paper ‘‘Where Has All The Carbon Gone?’’ He noted that more
than 2 billion tons of carbon (25% of the carbon emitted by fossil fuel com-
bustion) are being sequestered by forests each year. Although inverse models
for studying atmospheric concentrations of CO2 suggest that mid-latitude
forests in North America and Eurasia are crucial carbon sinks, forest in-
ventories indicate that they sequester much smaller amounts of carbon. Wofsy
then states and asks ‘‘thus we have a mystery: if our forests are sequestering
billions of tons of carbon annually, why can’t we find it?’’ He then suggests we
look in the organic matter not considered commercially valuable, and points
out that Pacalla et al. indicate that 75% of the carbon sequestered in the
United States is not inventoried. In discussing the Fang et al. paper he noted
that in China, by means of reforestation and afforestation, they had reversed a
situation in which degraded forests had released 0.022 Pg of carbon per year
from 1948 to 1980 to one in which they accumulated 0.021 Pg in 1998. They
had not been measuring biomass and all their data had been based on timber
volumes requiring relatively complex measurements and calculations to con-
vert the inventories to biomass equivalents. Wofsey pointed out that we need to
develop a ‘scientific basis for measuring and improving the properties of forest
carbon sinks’.
Observations in Germany and other European countries have also indicated

that a surprising increase in forest growth has been taking place without any
clear explanation as to why (Spiecker 1996). The hypothesis that this increase
could result from ‘acid fertilization’ presumably has apparently not yet been
considered, and indeed this may seem hardly credible in view of the many
observations of decreased growth which immediately preceded the death of red
spruce and other species on Camels Hump as well as Norway spruce in certain
areas of Germany. However, based on the assumption that the soil was first
affected by acid rain in 1880, this decrease occurred on Camels Hump fol-
lowing approximately 85 years of increased growth, while at Hubbard Brook,
incremental biomass growth slowed after about 80 years of increased growth
and stopped after about 100 years. However it should be noted that an earlier
forest on Watershed 6 had been harvested in about 1916, and that the present
forest was only about 65 years only when growth stopped. These growth
changes occurred on glaciated soils and it is possible that in other areas of
North America and Europe, with higher exchangeable and organic calcium
and other nutrient cations in the soil and/or, less acid deposition, a sub-
stantially longer period of increased biomass growth could precede a reduction
and stoppage as occurred at Hubbard Brook. If this should prove to be the
case, it can subsequently lead to a major increase in atmospheric CO2 con-
centration when biomass growth stops as is, no doubt, already occurring on a
much smaller scale in parts of the northeast US and adjacent areas of Canada.
Sterba (1996) observed that trees in many areas of Austria and Germany have

been growing at substantially higher rates than predicted from growth tables that
had been prepared approximately 100 years earlier. For instance on the Austrian
Massif increases in the incremental heights of spruce were two and even three
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times greater than that predicted by the 1896 Guttenberg Tables (Guttenberg,
1896). In another example he found that ‘‘the increment of dominant pines
vastly exceeded the predictions for stem analysis at the very same site from
which Guttenberg made in his 1896 Table’’. He also compared the annual ring
width of 120 year old and 80 year old spruce trees when they were each 30 years
old with the values being 1.8mm in 1887 and 2.5mm in 1927. Sterba pointed
out that in a number of cases in which it had been stated that trees showing
decline symptoms were at the same time showing increased growth. This latter
appeared to be based on Growth Table values and that in most cases there was no
evidence of actual incremental increase.
The increased rate of forest growth in Europe paralleled that resulting from

acid deposition in Hubbard Brook. Similar increased growth no doubt has
occurred, or is still occurring throughout much of the U.S. and Canada where
the impact of acid rain has been less, and /or the initial nutrient content of the
soil was greater. The amount of incremental biomass growth and the period
when growth slowed and stopped depends on the nutrient accumulated on
storage sites in the pre-industrial era, the rate of acid deposition and other
factors. Houghton et al. (1999) pointed out that large amounts of CO2 were
released in the U.S. during the 1800’s due to forest clearing and fire and that
the decrease in the CO2 inventory during the 1900’s results from forest re-
growth. The possibility that missing carbon is also related to acid fertilization
should be considered. This is important from the standpoint of the continuing
loss of nutrients, which unless SO2 emissions are greatly curtailed will, in areas
less impacted by acid rain than Hubbard Brook, be still in the increased growth
phase, and have yet to reach the period of zero biomass growth. Such forests,
unless fertilized to replace the missing nutrients, will not again be able to
become a sink for CO2.

11. Summary and discussion

The effect of acid rain has been to greatly increase the loss of three elements of
mineral origin from the soil: Ca, Mg and K. These originate in the rock
fragments present in the soil where, while still imbedded in the rock, they are
unavailable for plant life, but become available as a result of the chemical
weathering reaction. As a result of the naturally occurring presence of H2CO3

in the soil during pre-industrial times, the positively charged cations Ca2+,
Mg2+ and K+ were liberated from the minerals in which they were held and,
because of their positive charge, were stored on exchange sites provided by the
negatively charged clay particles produced as a byproduct of the weathering of
silicate minerals. In addition, they formed salts with humic acid, a decom-
position product of rotting woody matter. These cations are essential to all
vegetable and animal life, and in areas where one or more of the minerals
present in the soil are lacking in a nutrient cation, this has been brought in
from other geological areas in dust and rain during past centuries. These
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conditions, in the absence of significant losses from acid leaching in pre-
industrial times, resulted in the accumulation of very large inventories of Ca2+

and other nutrient cations in the soil. Because of the low concentration of these
nutrients in the soil solution the trees had developed a very large system of fine
roots that allowed them to continue growth on the same land for many
thousands of years.
Unfortunately the trees ability to survive made it difficult to recognize symp-

toms indicating the serious effect that acid deposition is having on the forest. The
Hubbard Brook investigations have supplied extremely useful, but disturbing,
information regarding its effects. With measurements of all of the transfers of
Ca2+ in and out of the soil of a forested watershed, these studies have shown that
the first effect of acid rain was to increase the Ca2+ concentration of the soil
solution, to increase the growth rate of the trees and to increase the loss of Ca2+ to
the stream at an unsustainable rate. What was surprising was that it took ap-
proximately 80–90 years before the growth rate slowed down, and another 10 or
more before the net biomass incremental growth on the watershed came to a
virtual stop. Since the trees continued to replace their foliage each year, this could
not have been suspected without the evidence provided by these studies, (Likens
et al. 1998). Particularly disturbing was the finding that, regardless of the stoppage
of net biomass growth on the watershed, the SO4

2� and NO3
� ions in the soil

solution continued to carry, in the 1982–1992 period, a total of 7.79kg ha�1 year�1

of Ca2+ of which 3.56kgha�1 year�1 were supplied by weathering and by dust
and rain, with the balance being supplied from the mineralization of recycled
organic calcium. Friedland andMiller (1999) also established that incremental net
biomass growth had virtually stopped on their Esther Mountain plot and that the
effluent from the soil, sampled from below the rooting zone, carried awaymost of
the Ca2+ that entered the soil from weathering and from dust and rain. The
continuing absence of incremental net biomass growth on these, and related plots,
with the soil being continuously denuded of the incoming Ca2+, will result in a
continuing decrease in the net biomass in these areas as well as in the ability of the
forest to regenerate after harvest, unless and until acid emissions are greatly
reduced.
Likens’ studies, when coupled with those of Hornbeck and Smith (1985), of

Bondietti et al. (1990) and of Friedland and Miller (1999), indicate that a
similar sequence of increased growth at an unsustainable rate was involved
throughout the northeast U.S. when acid rain first entered forest soils. Because
of the very large initial quantity of Ca2+ on the exchange sites in the soil, it
took 90 or more years before large numbers of trees on Camels Hump and
Whiteface Mountain died. It is hypothesized, on the basis of strong chemical
evidence, that the same mechanisms are involved in other areas subject to acid
rain. As can be seen from the data in Table 2, passage of the acid rain through
the forest soil, extracted not only Ca2+, but also Mg2+ and K+, so that the
continuing loss of any one of these nutrients, if it is limiting growth, can lead to
deficiency, depending on its relative concentration in the soil and that of the
antagonistic cation. In Table 2, one can compare the cation concentration of
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the stream water with that of the corresponding input in rain, and note that
each nutrient had continued to be extracted by the acid from the soil. More-
over, the SO4

2� and NO3
� anions will continue to extract the nutrient cations

as long as they are still present in the soil. As stated in Section 9, it appears that
approximately 800–1000 kg ha�1 of Ca2+ had been lost from the soil in ap-
proximately 80 years. This can be compared with the 750 kg ha�1 of Ca2+, the
total amount that had been taken up by the net biomass on Watershed 6 by
1992, when its growth had stopped. In forests where there may have been more
Ca2+ in the soil, or where there is less acid in the rain, it can be expected that
depletion will occur years later than at Hubbard Brook. This question should
be considered in forests now showing a high rate of growth, since once the
transfer of a nutrient cation is depleted, incremental biomass growth, on an
area basis, will cease. Conclusions in relation to the four questions that were
asked at the start of this paper are as follows.

1. Studies in Europe and North America, including those in the northeast U.S.
discussed in this paper indicate that the primary cause of the forest decline is
nutrient deficiency resulting from acid leaching of cationic nutrients from the
soil. The indication from symptoms that deficiency was involved, was
established by analysis of the foliage, of the underlying soil, and by test
fertilization studies.

2. It has been found that when several trees die within a few years, resulting in
the opening of the canopy, relatively rapid growth of seedlings takes place,
while in other cases when only a few trees die in a certain area, adjacent trees
frequently lose their deficiency symptoms. In each of these cases this results
from the retention of the nutrients from dead foliage, fine roots, and other
woody material on exchange sites and its subsequent transfer to new growth.
This may suggest, erroneously, that the problem has gone away, or was
unrelated to acid rain.

3. The effect of acid deposition on the forest, when it first occurred in 1900
or earlier, was to increase the rate of transfer of Ca2+ and other nutrient
cations from the exchange sites in the soil to the soil solution at a rate
related to the rate of H+ input. The resultant increase in concentration of
Ca2+ in the soil solution resulted both in increased biomass growth and in
its rate of loss in drainage water from the soil. Because of the earlier limited
amount of H+ ions resulting from H2CO3 acidification, the soil had accu-
mulated a very large inventory of Ca2+ in pre-industrial times that was
depleted at Hubbard Brook in the 1980’s when biomass growth stopped. It
is now apparent from the fundamental nature of the chemistry involved
that growth increase must have occurred in all forests that have received a
significant amount of acid rain, and that it may be still occurring in areas where
the initial nutrient content was higher or the acid input is less. The effect on
biomass growth was obviously not investigated when this change first oc-
curred. This was also not initially understood in the 1970’s and early 1980’s
when the problem of tree decline was being intensively studied. This has
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now become apparent as a result of the studies described in this paper. The
relatively rapid growth of trees in many areas, together with the indication
of regeneration in areas where trees had died, erroneously suggested to
many that the nutrient leaching from forest soils could not have caused the
problem of forest decline. What had not been understood is that the de-
pletion of the cationic nutrients takes many decades before deficiency
symptoms occur, and that the problem resulting in termination of net biomass
growth will continue until acid emissions are reduced to the point where the
rate of nutrient loss from the soil is less than its rate of entry.

4. It is difficult to predict the timing of future events, but it is important that
emissions of SO2 and NOx be quickly and substantially reduced. It has been
shown that once the inventory of Ca 2+ that had built up in pre-industrial times
is depleted, net biomass growth, on an area basis, stops, while the Ca2+ and
other cationic nutrients entering the soil from dust and rain, weathering, and
mineralization, will continue to be lost to the stream. Because of the ability of
trees to take up the nutrients that are released to exchange sites as neigh-
boring trees die, the forest will no doubt remain green for many years. A
rapid death of a large number of trees is not likely to occur on Watershed 6
since the leaching loss is controlled by the acid throughput. However,
without fresh nutrient input and with the continuing loss of nutrients re-
cycled from mineralization, the forest will become increasingly subject to a
decrease in live biomass. Without net biomass growth per hectare, the dying
trees are a source, rather than a sink for CO2, as the organic matter rots away.
This indicates a serious linkage between acid deposition and global warming
that should be investigated.
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