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Abstract. While the amount of reactive nitrogen circulating at the global level has increased
markedly in the last century, the effects of this increase are largely seen at the regional level due to
interacting ecological and socio-economic factors. In contrast with most other regions of the world,
Latin America and the Caribbean (LA-Ca) stand out due to the fact that the major input of reactive
nitrogen (Nr) still occurs naturally via biological nitrogen fixation (BNF) in natural ecosystems as
opposed to anthropogenic inputs of synthetic fertilizer, fossil fuel combustion and cropping with
leguminous species. Largely due to economic reasons, the consumption of fertilizer N in the LA-Ca
region is still low in comparison with the average consumption of the world. However, the fertilizer
N consumption is increasing at a much faster rate than that in developed regions of the world, like
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USA and Canada. The Nr production through BNF in cultivated plants that fix nitrogen (C-BNF) is
5 times lower than that occurring naturally in Latin America, but is still equivalent to 16% of the
world C-BNF. The cultivation of nitrogen-fixing crop species in the LA-Ca region is also increasing,
almost entirely due to the expansion of soybean fields in the central and northern regions of Brazil
and the Pampa region of Argentina. Other anthropogenic activities in the region that contribute to
an increase in the circulation of reactive nitrogen include the impact of biomass burning and
urbanization. In the last decade, an average of 47,000 km? per year of forests was burned in the LA-
Ca region. The environmental impact of urban centers in the LA-Ca region has become very
important, since an intense urbanization process is occurring in this region, at an intensity that far
exceeds urban development in the northern hemisphere. The consequences of increased urbanization
include increased emissions of NO, to the atmosphere due to the fossil fuel combustion, and the lack
of sewage treatment facilities in most cities of the LA-Ca result in a large volume of untreated sewage
discharged into surface waters, creating serious environmental problems. The combination of rapid
urbanization and agricultural intensification in this region suggest that concern is warranted for the
potential for increase in the circulation of reactive nitrogen in the very near future. At the same time,
the opportunity still exists to mitigate some of the consequences of human impact on the nitrogen
cycle in a region that still maintains a large fraction of its natural ecosystems intact.

Introduction

The concentration of reactive nitrogen (Nr) on the Earth has dramatically
increased in the last century due mainly to the production of synthetic nitrogen
fertilizer through the Haber—Bosch process, fossil fuel combustion, and the
cultivation of plants that associate with bacteria that fix atmospheric N (Ho-
warth et al. 2002; Galloway et al. 2004). It has been estimated that in 1860 the
production of anthropogenic Nr was 15 Tg N yr™!, and that by the early 1990’s
it increased by almost 10 times to approximately 140 Tg N yr™' (Galloway
et al. 2004). Although these estimates are important in providing a global
picture of the alteration of the N cycle by human activity, they do not allow us
to propose actions that would help mitigate the deleterious effects of N in the
environment and for human health occurring at regional or local scale. Much
more detailed spatial information on the production and fate of Nr is needed to
propose such actions.

Galloway et al. (2004) investigated geopolitical N budgets and showed that
Latin America stands out as the region with highest inputs of Nr by naturally
occurring biological nitrogen fixation (BNF) — an amount equivalent to 25%
of the world’s Nr created in terrestrial ecosystems. The Nr production through
BNF in cultivated plants that fix nitrogen (C-BNF) in 1995 was 5 times lower
than that occurring naturally in Latin America, but was still equivalent to 16%
of the world C-BNF. On the other hand, Latin America was responsible in
1995 for only 6% of the world’s Nr created through fossil fuel combustion, and
for only 4% of the Nr originated from synthetic N fertilizer (Galloway et al.
2004).

In this paper, we provide an evaluation of the origin of reactive nitrogen in
Latin America, and compare it to other areas of the world. The contrasts
between impacts at the global and regional scale may help to suggest ways in
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which we can mitigate the deleterious effects of human impact on the N cycle in
the coming decades. Assessing not only the current state of human impact, but
the velocity of change in this region highlights the importance of focusing on
regions where the potential human impact in the coming decades will be large,
and where preventative steps could be taken to minimize the negative impacts
of human-induced changes in nitrogen cycling.

The geography and socio-economic aspects of the Latin America
and the Caribbean (LA-Ca) regions

Geography

Because statistics are generally categorized by country or political unit in most
data bases, we define Latin America and the Caribbean, including their
countries and territories, as shown in Table 1 (http://www.cia.gov/cia/publi-
cations/factbook/geos/cj.html).

The most typical definition of Latin America is the one that considers the
countries of South America, Central America, the Caribbean, and southern
North America that speak a Romance language, including Spanish, Portu-
guese, and French (Table 1). The Caribbean is defined as a group of islands
located in the Caribbean Sea, organized in 25 distinct political units, including
states and territories (Table 1). Geographical or economical and social indexes
are available for most independent countries and, in some cases, for political
units as well. For example, Puerto Rico is a commonwealth of the United
States (US), and as a result, its data are sometimes aggregated to that the US
statistics, while in other cases, they are reported as an independent political
unit. As most production and use of Nr is linked to economic indicators, such
as use of fossil fuel, fertilizer use, and cultivation of commercially important
plants that have N-fixing symbioses, it is useful to provide Latin American
economic and social indicators for context.

Social and economical indicators

The Gross Domestic Product (GDP) index (Human Development Report
2003), (defined as the total value of goods and services produced by a nation
and expressed on a per capita basis) varied from 0.48 to 0.83 for LA-Ca
countries in 2003 (Figure 1).

Approximately 40% of the LA-Ca countries had a GDP index higher than
the overall average for developing countries (0.70). Bolivia and Nicaragua had
indexes only slightly higher than 0.5, while Haiti was the only country with an
index lower than the average of the least developing countries (0.5). (Figure 1).
The highest indexes were observed in the Bahamas and Barbados. However,
both values were significantly lower than the average of the richest countries of



Table 1. List of countries in Latin America (LA) and the Carribean.

Political unity Region Status

1-Anguilla Caribbean Territory of UK
2-Antigua and Barbuda Caribbean Independent country
3-Aruba Caribbean Territory of the Netherlands
4-Bahamas Caribbean Independent country
5-Barbados Caribbean Independent country
6-British Virgin Islands Caribbean Territory of UK
7-Cayman Islands Caribbean Territory of UK
8-Cuba Caribbean (LA) Independent country
9-Dominica Caribbean Independent country
10-Dominican Republic Caribbean (LA) Independent country
11-Grenada Caribbean Independent country
12-Guadeloupe Caribbean (LA) Territory of France
13-Haiti Caribbean (LA) Independent country
14-Jamaica Caribbean Independent country
15-Martinique Caribbean (LA) Territory of France
16-Montserrat Caribbean Territory of UK
17-Netherlands Antilles Caribbean Territory of the Netherlands
18-Puerto Rico Caribbean (LA) Commonwealth USA
19-Saint Kitts and Nevis Caribbean Independent country
20-Saint Lucia Caribbean Independent country
21-Saint Vincent/Grenadines Caribbean Independent country
22-SouthGeorgia/Sandwich Is Caribbean Territory of UK
23-Trinidad and Tobago Caribbean Independent country
24-Turks and Caicos Is Caribbean Territory of UK
25-Virgin Islands — US Caribbean Territory of US

26-Belize
27-Costa Rica
28-El Salvador
29-Guatemala
30-Honduras
31-Nicaragua
32-Panama
33-Mexico
34-Argentina
35-Bolivia
36-Brazil
37-Chile
38-Colombia
39-Ecuador
40-Falkland Is (Malvinas)
41-French Guiana
42-Guyana
43-Paraguay
44-Peru
45-Suriname
46-Uruguay
47-Venezuela

Central America
Central America (LA)
Central America (LA)
Central America (LA)
Central America (LA)
Central America (LA)
Central America (LA)
North America (LA)
South America (LA)
South America (LA)
South America (LA)
South America (LA)
South America (LA)
South America (LA)
South America

South America (LA)
South America

South America (LA)
South America (LA)
South America

South America (LA)
South America (LA)

Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
Territory of UK
Territory of France
Independent country
Independent country
Independent country
Independent country
Independent country
Independent country
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the world (Figure 1). The Human Development Index (HDI — Human
Development Report 2003) is a weighted index which includes life expectancy,
level of education, and GDP per capita. For the LA-Ca region, the HDI varied
from 0.45 to 0.88 (Figure 2), while the average HDI for developing countries is
0.6. With exception of Haiti, all LA-Ca countries had indexes above that value.
Barbados and Argentina had the highest HDI in the region but, again, the
values were lower than those for the richest countries in the world.

Considering these two indexes together, as well as an index for poverty not
shown here (Human Development Report 2003), it is clear that LA-Ca has an
intermediate position in relation to the richest developed and the least
developed countries of the world.

Finally, it is useful to assess the status of sanitation in LA-Ca, because lack
of proper treatment of domestic sewage is an important issue in alteration of
the N cycle. Sewage is processes at some level in most LA-Ca countries
(Figure 3); however, 9 of 33 countries, of which two are the most populated
countries in the region (Mexico and Brazil) have an index of sanitation (the
percentage of the population with access to adequate excreta disposal facilities,
such as a connection to a sewer or septic tank system, a pour-flush latrine, a
simple pit latrine or a ventilated improved pit latrine — Human Development
Report 2003), lower than the average for developed countries, indicating that a
large fraction of the sewage is discharged untreated to waterways.

Land use in Latin America and the Caribbean
Land use

The main land use in LA-Ca is for pasture. Total world pasture area in 2002
was 3.5 billion ha, with approximately 18% (0.62 billion ha) of this in the
LA-Ca region (FAOSTAT 2004). In South America, 80% of the area devoted
to agriculture areas is under management for pasture, followed by 70% in
Central America, and 50% in the Caribbean. Five countries are responsible for
about 80% of pasture area in LA-Ca — Brazil (32%), Argentina (23%), Mexico
(12%), Colombia (7%), and Bolivia (6%). Most pasture land in LA-Ca are
used for cattle grazing, which are typically C4 grasses, and which are rarely
fertilized with nitrogen. Almost 30% of the world’s domestic cattle are located
in the LA-Ca region. The largest stocks are located in Brazil (50%), Argentina
(14%), Mexico (8%), and Colombia (7%).

The second most important LA-Ca land use is for cereal crops. The LA-Ca
region is responsible for 8% of the world cereal production. In Central
America, 40% of the arable land is used for cereals, followed by 33% in South
America, and 26% in the Caribbean. Brazil (38%), Mexico (21%), and
Argentina (21%) are responsible for 80% of the cereal harvested in the area in
2003. In Brazil and Mexico, corn is byfar the most important cereal, while
wheat is the main cereal cultivated in Argentina. Rice is the second most



‘soryunod Surdo[aAdp ) 10j oSeIoA® oY) ST AuI] Paysep Y ‘sonmun [eoniod pue saLunod D)-y Jo (IAH) xopu] 1udwdoeadq uewny Yyl ‘g 24ndLf

Xopul JAH

01 60 80 Lo 90 s0 0
1

ey
enSereoIN
elRWaEND
SEINPUOH]
elAlog
JopeAfes 4
Jopendg
srpqnday uesturwo
epeuaIn
eueAnn
KenSereq
niog
‘PRUDID) 29 JUIDUIA'S
eorewef
JweuLng
B[ONZAUIA
elonjures
dzlfeg
eOMIWOC]
zerg
BIQUO[0D
euweuRg
epngeg pue en§nuy
OOIXA!
03eqoL pue pepruLLL
eqn)
SIAON pue spIy jures
seweyeg
A
BOTY BISOD)
Ken3nin
eunuagry
sopeqieg




10

's1uNod JurdofoAap Y} J0J 9FBIOAL AU} SI JUI| PAYSEP Y} PUB ‘SALNUNO0D Pado[oAdp ISB9] Y} 10J uoneues pasordwr yim sasnoy jo ogejudorad
o8rI0AR Q) SI 9UI SNONUNIUOD YOI} Y], ‘UOISaI BD-YT JO senun [eoniod pue SaLIUNod ul uonejiues paaoidwul yiim sasnoy Jo a3ejuddIdd € 24n3Lf

uonejues pasoxduy

90 $0 o €0 0

ey

aziPyg

arqndey uestuTWO
[ONZAUIA

erarog

g

01X

senpuoy

Tzerg

e[RWIEND

J0pEA[ES [
earuIwoq

enSeredIN

1opendg

elquoey

eueinn

BIONT JUIRS

ewreueg

QureuLng

©OIY BISOD

AenSereq

KenSnin

epnqieg pue engnuy
“PRUDID 29 JUIDUIA'S
YD

SIAON PUE ST JuTeS
‘epeualn

vqn)

eorewref

0Feqo], pue pepruuy,
sopeqeg

seweyeq

eunuaSry




11

important in Brazil, and wheat is the second most important in Mexico, and
corn is the second most important in Argentina.

Fertilizer N consumption in Latin America and the Caribbean

In 2002 the LA-Ca region consumed approximately 5 million metric tons of
fertilizer N, equivalent to 6% of the global consumption (FAOSTAT 2004).
Three countries — Brazil, Mexico and Argentina — are responsible for almost
70% of the total fertilizer N consumption in the LA-Ca region (Figure 4).

The average application of fertilizer N per hectare of arable land in the LA-
Ca region is approximately 34 kg N ha™' (see definition at FAOSTAT home
page at http://www.apps.fao.org/default.jsp). Central America has the highest
rate (46 kg N ha™' yr™"), followed by South America and the Caribbean, with
approximately 32 kg N ha™! yr™!. These rates are below the world average of
60 kg N ha™', and well below rates for countries like China and the Nether-
lands where rates in 2002 were approximately 180 and 310 kg N ha™',
respectively (FAOSTAT 2004). It is important to note that some countries in
the LA-Ca region, such as Haiti and Bolivia,the rates are even lower than the
average rate in the least developed countries (13 kg N ha™! in 2002) (Figure 5).
On the other hand, small Central American countries (Costa Rica) and some
islands of the Caribbean (Martinique and Guadeloupe) have high usage of
fertilizer N (Figure 5); even higher than rates in the Netherlands. In these three
countries the main land use are fruits and sugar cane, with banana and plan-
tains the most important crops in terms of harvested area. Costa Rica also
produces a variety of other fruits, especially citrus, pineapples, mangos and
melons (FAOSTAT 2004). These rates of fertilizer application in the various
countries represent the interaction among socio-economic factors such as
availability and feasibility of fertilizer use as well as ecological factors including
natural levels of fertility, crop selection and relative nutrient limitation by
nitrogen vs. other nutrients.

Another way to characterize fertilizer use and to make it comparable with
other countries is by reviewing per capita fertilizer consumption. The average
value for LA-Ca is approximately 9 kg N per capita, almost 5 times higher
than the average for the least developed countries of the world, but below the
average for the whole world (14 kg N per capita) and for developing countries
(11 kg N per capita). Some small countries (St.Kits and Neives, Guadeloupe)
and territories (Virgin Islands) of the Caribbean, and the Guyana in South
America showed the highest consumption of fertilizer N per capita, with rates
similar to those in China (19 kg N per capita), but well below the USA (38 kg
N per capita) or Canada (53 kg N per capita) (Figure 6). This relatively low
per capita use of N fertilizer is mainly due to economic constraints, since most
of the LA-Ca countries are net importers of fertilizer (FAOSTAT 2004).
Venezuela is an exception, importing only 20% of the amount consumed.



12

‘uoI3al )-yT Jo senmun [eoniod pue samjunod £q zoOg Ul N Jozinioj jo uondwmnsuo) g a.nsny

000°000°T

(1-183£%)) N JOZINI ]
000°0T

001

epngleg pue enbiuy
epeual

seweyeg

SIASN pue sub jules
eOJUIWOQ

"PEURID B JUSOUIA'S
sopeqieg

BIONT jules

azijeg

BlAllog

aweuung

obeqo pue pepiuu |
ey

eOlRWEP

euehny

enberediN

BWeURY

AenBereq

ARenbrun

JopeAes |3
oljgndey ueoluwoQg
BOIY EIS0D

Jlopenog

BqnD

BlEWalENY
SeInpuoH
Blanzausp

niad

aluo

'IqW0|0D

eunuably

00IXaN

I1zeig



13

00¢

‘uo1gar eD)-yT Jo santun [eonijod pue sauunod Aq gOg Ul pue| dJqete Jo a1e1ddy Jod N 1oznioj jo uondwnsuo) ¢ andif

(;-Puef dqere:N 3¥) I9ZINIY-N

0sy 00v 0s€ 00€ 0S¢ 00¢ 0s1 001 0s 0

eIAlOg

hrey

KenSereq

eunuadIy

03eqOL pue pepruLLL
engeIedIN

eqn)

aziPyg

eueAnn

[rzerg

eweueq

BURINGD YOUL]
semnpuoy

eOTUTWOC]

sopeqreg

srqndey uesturwoq
Ken3nin

OOIXOIN

seweyeg

eorewef

niag

J0peA[ES [d
e[eWaIEND

Spue(s] WIBIIA SN

Jo doy] ATjog ‘e[onzoudp
1opENdH

Jureurng
SOUIPEUDID/JUGUIA JUTES
AMUD

SIAON PUE SHIY JuTeS
eIONT JURS

001y ouang
eIqUIo[0)

BOY BISOD
adnojapenny
anbrune



14

0¢C

‘uo13aI D)-Y T Jo sanrun [eonrod pue saLunod Aq g0z ul eudes 1od N 1oz1nioj jo uondwmsuo) 9 aundny

(ended 1ad N 8¥) PZIMJ-N
81 91 #1 il 01 8 9 b z 0

elAlog

08eqo], pue pepruLL],
nrey

sewreyeqg

0oy ouang
sopeqieg

BURIND [OUL]
sl

SPUE[S] UISIIA SN
eorewe[

eIONT JUIRS
orpqnday] uesTUTWO]
seInpuoyq

eweuRq
SOUIPBUIID)/JUIDUIA JUTRS
eqn)

KenSereq

I0peA[eS 9
engeleoIN

Jo doyf AToq ‘e[oNZaud A
azieg

e[RWAEND
BIqUIo[0)

niag

Trzerg

10pendT

eunuadIy

OOIXN

anbruney
QwieuLINg

BOLYRISOD)

AU

KenSnin
adnojopenny

eueAnn

SIAQN PUB SHIY JuIes



15

Brazil and Mexico import approximately 70% of their consumption; Argentina
and Cuba importing approximately 50% (FAOSTAT 2004).

Although fertilizer N use in LA-Ca is still relatively low, its trends are similar
to the progressively increasing trends in Asia, in contrast with Europe and
USA (Figure 7). The historical increase in fertilizer N consumption in the three
major Latin American consumers — Brazil, Mexico, and Argentina — has shown
different trends (Figure 8). While Brazil had a constant and progressive in-
crease since 1961, Argentina experienced a major increase in consumption only
in the early 90’s (Austin et al., this volume). Major growth in consumption in
Mexico was achieved in the end of the 80’s, but since then no further increase
has been observed (Figure 8).
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Figure 7. Percentage increase of fertilizer N consumption from 1960 to 2002 in LA-Ca, Asia,
Europe and North America.
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Figure 8. Consumption of fertilizer N from 1960 to 2002 in Argentina, Brazil, and Mexico.
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C-BNF historical trends in Latin America and the Caribbean

Latin America and the Caribbean were responsible in 1995 for approximately
16% of the world’s N fixation through cultivation of plants that have associ-
ations with bacterial N-fixers (C-BNF, Galloway et al. 2004). Three main land-
covers that contribute to C-BNF are soybean, pastures, and sugar cane. In
2003, approximately 33 million ha of soybean was harvested in LA-Ca, which
is equivalent to 40% of the world production of this crop (FAOSTAT 2004). In
2002, the area harvested in LA-Ca exceeded the area harvested in the North
America (Figure 9). Major producers of soybean in LA-Ca are Brazil (55% of
the harvested area), Argentina (38%), Paraguay (5%), and Bolivia (2%). In
Brazil, soybeans are able to obtain most of their required nitrogen from bio-
logical fixation (Boddey et al. 1991; Alves et al. 2003; Filoso et al., this vol-
ume); however, this is not the case in Argentina (Austin et al., this volume).
Therefore an increase in the area cultivated for soybean in Latin America or in
the Caribbean not necessarily implies an addition of newly fixed nitrogen
through biological fixation.

As mentioned above, pasture is the main land use in LA-Ca, and the area
covered with pasture showed an average increase of 2.6 million ha per year
since 1961, in contrast to North America where pasture area has remained
practically constant for the last four decades (Figure 10). Most of the nitrogen
fixation in grasses like Brachiaria spp., Panicum maximum, and species of
Pennisetum, that are extensively cultivated in South America, is derived from
non-symbiotic associations with endophytic bacteria or from bacteria in the
rizosphere (Miranda and Bodey 1987; Boddey et al. 2004; Filoso et al., this
volume).

Soybean - area harvested
(million ha)

O 1 I 1 I
1960 1970 1980 1990 2000
Years

Figure 9. Increase in the area harvested with soybean in the LA-Ca and North America from 1960
to 2002.



17

650

600

550

500

450

400

350

300

Pasture - area (million ha)

R e

— — g T e ey, =

250

200 | | | |
1960 1970 1980 1990 2000

Figure 10. Increase in the pasture area in the LA-Ca and North America from 1960 to 2002.

The third crop that may contribute to C-BNF in the LA-Ca region is sugar-
cane (Boddey et al. 1991, 2003), which has been a traditional crop in this region
(FAOSTAT 2004). Nearly 42% of the harvested area of sugar cane globally
comes from Brazil, Cuba, Mexico and Colombia, and in the LA-Ca region
alone, these countries account for 80% of the sugar cane production. The area
devoted to sugar cane production increased markedly in the LA-Ca region
between the beginnings of the 70’s until the middle of the 80’s (Figure 11), an
increase that was led by Brazil, which is currently responsible for 62% of the
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Figure 11. Increase in the area harvested with sugar cane in the LA-Ca region, Asia, Africa and
Brazil from 1960 to 2002.
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harvested area in the LA-Ca region. The rapid increase in sugar cane cropping
stemmed from a series of fiscal incentives to increase sugar cane production for
ethanol, a fuel used by Brazilian automobiles, has caused major increases in
Brazilian production during this period (Oliveira et al. 2005).

Using current estimates for area in Latin America cultivated with soybean,
pasture and sugar cane (shown above), and using equivalent biological
nitrogen fixation rates and assumptions from Filoso et al. (this volume), we
estimated C-BNF in Latin America for 2003 as approximately 10.5 Tg yr™'.
This value is practically the double of the amount estimated by Galloway et al.
(2004) for Latin America using land use data from 1995. We believe that this
marked increase in the estimated amount of C-BNF for 2003 stems from the
extensification in the cultivated area of soybean (Figure 9), pasture (Figure 10)
and sugar cane (Figure 11) from 1995 to 2003.

Biomass burning (source of N to the atmosphere)

Deforestation in LA-Ca between 1990 and 2000 averaged approximately
47,000 km? yr~' (FRA 2000); Brazil alone was responsible for approximately
half of that total (23,000 km? yr™!) (Figure 12). In Brazil, most of the defor-
estation is taking place in the Amazon region, where the average deforestation
rates from 1988 to 2002 was approximately 18,000 km? per year (INPE 2004).
In the last 2 years deforestation rates increased to approximately 25,000 and
30,000 km? per year, respectively.

In the Amazon region, most of the forest is converted to pasture for cattle
through slash and burn methods during the dry season. Pasture is also burned
every 4-5 years as a management method to ‘clean the pasture’ and eliminate
the growth of shrubs and small trees. In southeastern Brazil, fire is also used
during the dry season (May—September) prior to manual harvesting of sugar
cane (which is the dominant method) to facilitate the process. In Central
America and in the Andean countries, fuel wood is the major type of biomass
burning. During clearing and burning of tropical rainforest, biomass-associ-
ated N is volatilized and a large fraction is emitted to the atmosphere in form
of gaseous NH3 and NO, (Trebbs et al. 2006).

Most estimates of NO, emissions for tropical regions have been generated by
models due to the lack of measurements. According to some models, the esti-
mated NO, emissions from biomass burning in LA-Ca ranges from 0.9to 3.7 Tg
NO, yr~!, while global emissions range between 7.8 and 15.9 Tg NO, yr!
(Galanter et al. 2000; Shultz 2002; Hoelzemann et al. 2004). On the other hand,
Potter et al. (2002) estimated that, in the Amazon region alone, biomass burning
produces 3.5 Tg NO, yr~! emitted to the atmosphere, making this region the
source of 20-33% of global NO, emission fluxes to the atmosphere.

Most of the values predicted by models for N wet deposition in LA-CA
ranged from 1 to 3 kg N ha™' yr™! (Dentener and Crutzen 1994; Holland et al.
1999; Galloway and Cowling 2002). However, some few studies in Brazil have
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Figure 12. Deforested area from 1990 to 2000 in countries and political unities of the LA-Ca
region.

measured a rate of N wet deposition around 1-2 kg N ha™' yr™' in more
pristine areas (Williams and Melack 1997; Lara et al., this volume), while in
disturbed areas the deposition is almost twice as much (Trebbs et al. 2006). In
addition, the burning of biomass in either forests or sugar cane in Brazil is
changing the dominant form of nitrogen deposition from nitrate to ammonium
(W. Zamboni de Mello, University Federal Fluminense, personal communi-
cation). In the atmosphere, ammonium aerosols can reduce visibility, and may
have negative effects on human health. Additionally, the formation of
ammonium affects the atmospheric transport of SO, and NO, emissions. Once
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deposited, ammonium releases acidity since the nitrogen is either accumulated
in organic form or nitrified and leached as nitrate (Schurkes and Mosello
1988). As biomass burning is one of the major sources of N to the atmosphere,
several other regions in LA-Ca could be undergoing similar changes in the
pattern of N deposition.

Urbanization (fossil fuel and sewage)

In 2003, approximately 48% of the world population lived in urban centers and
urban areas covered approximately 2% of the Earth’s land surface. It has been
estimated that by 2030, almost 61% of the world population will live in urban
centers (World Urbanization Prospects 2003). However, the environmental
impact of urban centers extends well beyond their limited spatial area due to
the significant ‘ecological footprints’ of cities (Austin et al. 2003; World
Urbanization Prospects 2003).

The Americas, defined here as the sum of North America, Latin America,
and the Caribbean, had the highest percentage of their population living in
urban centers in 2003 (78%), followed by Europe and Oceania, with 75 and
73%, respectively. Urbanization has increased rapidly. In 1950, the percentage
in urban areas was only 53% (World Urbanization Prospects 2003). In addi-
tion, 6 out of 20 mega cities of the world (population higher than 10 million
people) are located in the Americas.

Although from 1950 to 2003 there was an increase in urbanization in North
America, the highest increase was observed in Central and South America
(Figure 13). In developing countries of Latin America and the Caribbean,
migration was from rural to urban centers, while in North America both rural-
to-urban migration and a migration from high density urban centers to low
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Figure 13. Percentage of urban population in Latin America and Caribbean, North America,
Americas and World. Source: World Urbanization Prospects, 2003.



21

density suburbs surrounding city cores (urban sprawl) occurred. In both cases,
urbanization led to the concentration of domestic and industrial solid wastes,
air pollution, and problems associated with lack of sewage treatment (Global
Environmental Outlook 3 2003). Fewer than 35% of cities in the developing
world have their wastewater treated. In the Metropolitan area of Sdo Paulo
Brazil (with almost 18 million people) only 10% of the domestic sewage load is
treated (Martinelli et al. 2002). In densely populated Caribbean regions, like
Puerto Rico, urban sprawl is rapidly transforming the landscape. By 2000,
nearly 50% of the 3.8 million inhabitants of Puerto Rico were connected to
public sewer systems. Most of the wastewater, however, receives only primary
treatment before it is discharged into the ocean. Consequently, a large volume
of untreated sewage is discharged into surface waters, creating serious envi-
ronmental problems. Similar situations are found throughout the developing
countries of the Americas. Untreated domestic sewage is particularly rich in
NH; and labile organic matter (Martinelli et al. 1999). The organic matter
decomposes, consuming the dissolved oxygen concentrations in water bodies
(Daniel et al. 2002). Under anaerobic conditions, NOj is denitrified and lost to
the atmosphere while NH; accumulates in the water (Martinelli et al. 1999). In
contrast, in North America 90% of urban sewage is treated (Global Water
Supply and Sanitation Assessment 2000). However, most of this treatment is
just for the removal of organic matter, and little effort has gone into removal of
nitrogen from wastewater streams in most areas in North America, although
increasingly such efforts are beginning.

In urban areas, residents rely mainly on fossil fuels for transportation. This is
especially true in the United States and Canada due to, in part, to long-distance
travel associated with urban sprawl. In 1975, a passenger drove approximately
8000 km per year; but by 1999 this distance increased to almost 15,000 km per
passenger-year (Global Environment Outlook 3 2003). Also, in 1975, an aver-
age North American traveled about 300 km per year on public transportation, a
distance very similar to that observed in 1999 (Global Environment Outlook 3
2003). Thus, over the last 24 years, the use of private transportation has in-
creased drastically, while the use public transportation has remained stable.

Several industries that use fossil fuel as their main source of energy are also
located in urban centers. Consequently, urban centers are responsible for
increasing emissions of NO,. In the atmosphere, the dominant sink of NO, is
the oxidation of NO, by OH to form HNOj;, which then collects on aerosols or
dissolves in precipitation and is subsequently deposited, causing rain acidifi-
cation (Galloway 2003; Holland and Carroll 2003).

Conclusion
Current trends of economic development and human impact on N cycle in the

LA-Ca region demonstrate levels of impact due to agricultural practices and
urbanization which are, overall, less than that which is seen in more developed
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countries in the northern hemisphere. In Latin America, natural biological
nitrogen fixation (BNF) is still an important source of Nr to the globe,
accounting for 25% of the world’s Nr created in terrestrial ecosystems (Gallo-
way et al. 2004, in press). However, the rapid rate of change in almost all indi-
cators of increased reactive nitrogen, from leguminous cropping, synthetic
fertilizer use, biomass burning, and fossil fuel combustion merit concern for the
potential impact of these indicators in the region in the very near future. For
example, the increasing rates of deforestation and extensive conversion of nat-
ural ecosystems in Brazil and Argentina to cropping systems of soybean and
other crops is a trend which is increasing at an alarming rate and whose conse-
quences for the circulation of reactive nitrogen in the region and at the global
level will be seen in the coming decades. While fertilizers are not yet heavily used
in the LA-Ca region compared to other regions of the world, its consumption has
been increasing constantly in most countries of the region. At the same time, it is
important to call attention to the fact that in less developed countries of the LA-
Ca region, fertilizer N application currently does not adequately meet the food
requirements of an increasing population (Mosier et al. 2004). Fire is extensively
used in the LA-Ca region as the cheapest way to remove the natural vegetation
for crops, and also to ‘clean’ pastures from bushes and small trees, and facilitate
sugar cane harvesting. During burning, biomass associated N is volatilized and a
large fraction is emitted to the atmosphere in form of gasecous NH; and NO,.
Part of this emitted nitrogen returns via wet and dry deposition. Increasing
emissions of NO, due to use of fossil fuel have been also observed in urban
centers of LA-Ca region. Due to the migration of rural areas to urban centers,
most of the cities in LA-Ca region have been growing very rapidly in these last
three decades. This increase has not been followed by effective sewage collection
and treatment. As a consequence, most of the domestic sewage is dumped
without treatment in water bodies, leading to severe pollution problems.

The LA-Ca region, as a region undergoing rapid economic development, has
both a challenge and an opportunity to produce food and use energy generated
by fossil fuels in a way that keeps disruptions of the natural nitrogen cycle as
small as possible. This developing region has the objective to meet the food and
energy requirements of a growing population by using their natural resources
to achieve such goals. However, the LA-Ca region has a unique opportunity to
carry out this task without the same mistakes that have occurred in other areas
of the world, where high rates of fertilizer application and mismanagement of
reactive nitrogen has resulted in a number of negative consequences both for
natural and managed ecosystems.
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