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Preface

This special issue presents the products of three workshops designed to
compare differences in nitrogen cycling between tropical and temperate eco-
systems across the Americas, as well as differences in how human societies
shave transformed the nitrogen cycle according to economic, social and cul-
tural characteristics of the diverse countries of the Americas. The first work-
shop on ‘‘N fluxes and processes in tropical and temperate systems’’ was held in
the city of Ubatuba, State of São Paulo, Brazil, in March 2003. From this
workshop, a strong consensus developed to form an ongoing ‘‘Inter American
Nitrogen Network.’’ Towards this end, two more workshops were held, one in
San Juan, Puerto Rico in May 2004, and one in May of 2005 in the city of
Brası́lia, Brazil. This effort to build the Inter American Nitrogen Network is a
joint effort of the Latin American Nitrogen Center and the North American
Nitrogen Center, two of the five continental-scale regional centers of the
International Nitrogen Initiative (INI) created in 2003 by SCOPE and the
IGBP. The INI’s main objective is ‘‘to optimize nitrogen’s beneficial role in
sustainable food production and minimize nitrogen’s negative effects on
human health and the environment resulting from food and energy produc-
tion.’’ We hope the readers will agree with us that this issue of Biogeochemistry
is an excellent start for the Inter American Nitrogen Network and the efforts of
the INI in the Americas.

The first paper presented in this issue by Martinelli and other participants of
the San Juan workshop is an overview of the nitrogen sources across the
Americas and how they vary from one region to another. This paper is an
introductory paper for a series of six following papers that detailed the
nitrogen cycle in different countries or in important sub-regions of these
countries. Among these papers, Schindler et al. discuss N-deposition related
issues in Canada, followed by Austin et al. who present a nitrogen budget for
Argentina, one of the most important regions of cereal production in the
world. Filoso et al. for Brazil, Baisre for Cuba and Ortiz for Puerto Rico
synthesize quantitative nitrogen assessments for these whole countries, while
Borbor et al. restrict their analyses for the most developed watershed in
Equador. After these country-scale assessments, Howarth et al. and Scavia
& Bricker illustrate aspects of the nitrogen cycle in important regions of the
USA. Howarth et al. illustrate how climate and human activity interact to
regulate the nitrogen export from the major 16 watersheds of the Northeastern
USA region, one of the most polluted regions of the country. Scavia & Bricker
present a comprehensive approach to problems that the coastal regions of the
USA are facing due to the large amount of nitrogen that these key areas
receive. The last three papers in the issue are mostly a product of the first
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workshop held in Ubatuba and deal more with nitrogen as a key element in
natural systems. Bustamante et al. present nitrogen as one of the most
important limiting element in savanna ecosystems throughout the world.
Huszar et al. analyze nitrogen limitation in tropical lakes in comparison to
temperate lakes. Finally, Ometto et al. present a detailed description of the
variability of nitrogen and carbon stable isotopes in tropical forests of the
Amazon region. We believe this volume represents a significant advancement
in our ability to understand natural processes and human perturbations of the
nitrogen cycle in both temperate and tropical systems, as well as to recognize
several major differences in nitrogen cycling across several countries and
regions of the Americas.

We are in debt with the many institutions and people who helped us to
organize our workshops and prepare the manuscripts. Elvira Cuevas and
Mercedes Bustamante and their staffs were wonderful hostesses in San Juan and
Brası́lia, respectively. The Ubatuba workshop had financial support from the
Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) and the
Esso Brasileira de Petróleo company. The San Juan workshop was supported by
the Inter American Institute for Global Changes (IAI) and by the University of
Puerto Rico through a grant from the US National Science Foundation to Crest
(Center for Applied Tropical Ecology and Conservation). The Brası́lia work-
shop was mainly supported by the Conselho Nacional de Desenvolvimento
e Pesquisas (CNPq), through its Pro-Sul program, and also by the IAI and the
University of Brası́lia. We also thank Suzanne Mekking, the publisher of
Biogeochemistry, for her flexibility and support in preparing this issue.

Luiz A. Martinelli
CENA, Laboratory of Isotope Ecology

University of São Paulo
Piracicaba, SP, Brazil

e-mail: martinelli@cena.usp.br

Robert W. Howarth
Department of Ecology Evolutionary Biology

Cornell University
Ithaca, USA
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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 km2 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 NOx 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)1, and that by the early 1990’s
it increased by almost 10 times to approximately 140 Tg N yr)1 (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
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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 Central America Independent country

27-Costa Rica Central America (LA) Independent country

28-El Salvador Central America (LA) Independent country

29-Guatemala Central America (LA) Independent country

30-Honduras Central America (LA) Independent country

31-Nicaragua Central America (LA) Independent country

32-Panama Central America (LA) Independent country

33-Mexico North America (LA) Independent country

34-Argentina South America (LA) Independent country

35-Bolivia South America (LA) Independent country

36-Brazil South America (LA) Independent country

37-Chile South America (LA) Independent country

38-Colombia South America (LA) Independent country

39-Ecuador South America (LA) Independent country

40-Falkland Is (Malvinas) South America Territory of UK

41-French Guiana South America (LA) Territory of France

42-Guyana South America Independent country

43-Paraguay South America (LA) Independent country

44-Peru South America (LA) Independent country

45-Suriname South America Independent country

46-Uruguay South America (LA) Independent country

47-Venezuela South America (LA) 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 Bolı́via (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

8
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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)1 (see definition at FAOSTAT home
page at http://www.apps.fao.org/default.jsp). Central America has the highest
rate (46 kg N ha)1 yr)1), followed by South America and the Caribbean, with
approximately 32 kg N ha)1 yr)1. These rates are below the world average of
60 kg N ha)1, and well below rates for countries like China and the Nether-
lands where rates in 2002 were approximately 180 and 310 kg N ha)1,
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)1 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.
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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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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).
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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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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)1.
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 km2 yr)1 (FRA 2000); Brazil alone was responsible for approximately
half of that total (23,000 km2 yr)1) (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 km2 per year (INPE 2004).
In the last 2 years deforestation rates increased to approximately 25,000 and
30,000 km2 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 NOx (Trebbs et al. 2006).

Most estimates of NOx emissions for tropical regions have been generated by
models due to the lack of measurements. According to some models, the esti-
matedNOx emissions from biomass burning in LA-Ca ranges from 0.9 to 3.7 Tg
NOx yr)1, while global emissions range between 7.8 and 15.9 Tg NOx yr)1

(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 NOx yr)1 emitted to the atmosphere, making this region the
source of 20–33% of global NOx 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)1 yr)1 (Dentener and Crutzen 1994; Holland et al.
1999; Galloway and Cowling 2002). However, some few studies in Brazil have
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measured a rate of N wet deposition around 1–2 kg N ha)1 yr)1 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 SO2 and NOx 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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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 São 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
NHþ

4 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, NO�

3 is denitrified and lost to
the atmosphere while NHþ

4 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 NOx. In the atmosphere, the dominant sink of NOx is
the oxidation of NO2 by OH to form HNO3, 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 associatedN is volatilized and a
large fraction is emitted to the atmosphere in form of gaseous NH3 and NOx.
Part of this emitted nitrogen returns via wet and dry deposition. Increasing
emissions of NOx 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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Austin A.T., Piñiero G. and Gonzalez Polo M. More is less: agricultural impacts on the N cycle in

Argentina. Biogeochemistry (this volume).
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Abstract. Nitrogen releases to air and water are low in most of Canada, but in southern areas with

rapid development there are telltale signs of the problems from releases to air and water that are

described elsewhere in this volume. These include higher nitrogen in water and releases to the

atmosphere from urban areas, industry and agriculture. As a result, in parts of Ontario and Quebec

underlain by Precambrian geology, nitrogen deposition is near the critical loads found for geo-

logically similar areas of Europe. In particular, combined inputs of sulphuric and nitric acids are

causing base cation depletion in forest soils and keeping some lakes at pH values too low to allow

the recovery of biological communities. In southern Ontario, Alberta and British Columbia, rapidly

expanding human populations, industry and agriculture are causing high concentrations of nitrate

in surface and groundwaters. At present, there is little sign of estuarine eutrophication in Canada,

but it appears to be imminent on the Pacific coast, as the result of expanding human populations

and intensifying agriculture in the lower Fraser Valley and Puget Sound. Steps should be taken now

to prevent the widespread problems caused by nitrogen pollution that have occurred in Europe, the

USA, and other populous and industrialized regions.

Introduction

Most areas of Canada still have low human population densities, and are
relatively free from industrial activity. As a result, much of the country has
escaped the problems associated with nitrogen contamination that have pla-
gued more industrialized countries. These include the contamination of pre-
cipitation, surface and ground water, soil saturation with nitrate, acidification
of receiving waters, smog formation and pollution of surface and groundwaters
to beyond guidelines to protect human health and ecosystem integrity. The
problem of managing nitrogen in most of Canada is thus still largely one of
prevention, ideally profiting from the mistakes made in more populous and
industrialized countries.
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Most Canadian freshwaters still contain low concentrations of inorganic
nitrogen. In a survey of provincial databases in eastern Canada, Jeffries (1995)
found that almost all lakes contained less than 10 leq l)1 of NO3. Provincial
mean concentrations for nitrate in lakes were all less than 10 leq l)1, except for
Prince Edward Island, where four of six lakes examined had over 100 leq l)1

and New Brunswick, where about 10 percent of lakes had nitrate concentra-
tions of 10–40 leq l)1. Much of the land in these two small Atlantic provinces
is used for agriculture, and most of the soil is sandy. Heavily developed parts of
southern Ontario, Quebec, southern Alberta and coastal southern British
Columbia are other areas with higher than background nitrogen. Lakes and
streams show the expected symptoms of overfertilization with nutrients,
including nitrogen. In the remainder of this review, we will focus largely on
these areas.

Canada-wide trends in airborne emissions of nitrogen

Chambers et al. (2001) estimate that human activities discharge 1.4 million
tonnes of nitrogen to the atmosphere in Canada, with ammonia releases from
fertilizer and manure being the biggest source. Release of N2O was evenly split
among transportation, industry and agriculture. NOx emissions from industry
and transportation were also important. No NOx data were available for
agriculture, but it was assumed to contribute about as much as industry. More
detailed information is given below.

Emissions of NOx in Canada nearly doubled from 1970–1985. From 1985
to 2000 emissions were relatively constant. A 17% decrease in eastern
Canada caused by regulation of emissions from vehicles and smelters was
approximately balanced by a 29% increase from electrical generation,
vehicles and oil and gas industries in western Canada (Figure 1). Country-
wide emissions are projected to decrease 17% by 2020, a balance between a
39% reduction in eastern Canada and a 5% increase in the west, where
increased emissions from oil and gas extraction, and coal-fired electrical
power are expected.

Ammonia emissions increased by 9% between 1995 and 2000, largely in
agricultural areas of the west. They are expected to increase by 50% between
2000 and 2020 largely as the result of the increasing intensity of livestock and
poultry production, commercial fertilizer and pesticide manufacturing (Fig-
ure 1, Vet et al. 2005).

American emissions of NOx and ammonia are also of concern, because
prevailing winds carry the gases from areas of intensive electricity generation
and agriculture in the US Midwest over southeastern Canada. US and eastern
Canadian NOx emissions have declined slightly and a downward trend is ex-
pected to continue. In contrast, ammonia emissions increased by 15% between
1990 and 2000. They are expected to continue to increase slightly until 2020
(Vet et al. 2005).
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The sources of NOx in Canada are somewhat different from more urbanized
and industrialized countries, with off-road vehicles contributing almost as
much NOx as on-road vehicles. In total, vehicles emit almost 50% of NOx in
Canada. The oil and gas industries also contribute disproportionately to
Canadian emissions. In contrast, electrical power generation is a smaller per-
centage than in many countries, as a result of heavy reliance in most of Canada

Figure 1. Recent trends in nitrogen emissions in Canada. Dashed lines indicate projected levels.

Data from Vet et al. (2005).
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on hydroelectricity rather than fossil fuel burning. Agriculture contributes
most of the ammonia emissions. Livestock culture is the predominant source,
followed by manufacturing of commercial fertilizer (Table 1). Both gases
contribute to soil acidification, water pollution with nitrate and ammonium,
and urban smog.

Atmospheric deposition of nitrogen and its impact on ecosystems

As a land area, Canada is only slightly smaller than all of Europe. Most of the
population, industry and agriculture are in a band a few hundred kilometres
wide along the US border. Very few studies of deposition have been done north
of 60� N. latitude.

Eastern Canada has been studied much more thoroughly than the west, due
to concerns about the effects of acidifying deposition on geologically-sensitive
terrain. For convenience, we will treat eastern and western Canada separately,
dividing the country at the Ontario–Manitoba border.

Eastern Canada

Annual wet nitrate deposition in most of eastern Canada north of 52� N.
latitude and east of the Manitoba–Ontario border is <5 kg NO3 ha

)1 y)1

(Figure 2). Only in populous industrial regions of southern Ontario and
Quebec does nitrate deposition exceed 10 kg NO3 ha

)1 y)1 over large areas.
An even smaller area along the US border with those provinces has nitrate
deposition of 20–25 kg NO3 ha

)1 y)1 (Figure 2; Vet et al. 2005). The elevated
nitrate concentrations in these regions are the result of NOx emissions from
industrial and automotive sources in southern Canada and the northern USA
(Whelpdale and Galloway 1994; Vet et al. 2005). Fortunately, the highest

Table 1. Percentage contribution of major emitting sectors to total nitrogen emissions in Canada.

Data from Vet et al. 2005.

Sector NOx NH3

Non-ferrous mining and smelting – –

Electrical power generation 11.4 –

Upstream oil and gas 13 –

On-road vehicles 32.6 3.1

Off-road vehicles 26.9 –

Industrial fuel combustion – –

Other fuel combustion – –

Agriculture (animals) – 55

Pesticides and fertilizer – 34.6

Chemicals and products – –
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nitrate deposition occurs in areas where soils and water are well buffered.
Moreover, deposition has remained relatively constant for some time.

Preliminary wet ammonium deposition maps of eastern Canada show a
somewhat different pattern. Here, the highest values observed, of 5–6 kg
NH3 ha

)1y)1 extend through southern parts of far western Ontario, near the
Manitoba border (R. Vet, pers. comm.). There is little population, agriculture
or industry in the area, which is largely underlain by Precambrian rock with
little overburden. The elevated values probably reflect the proximity to agri-
cultural areas of the US Midwest and southern Manitoba. North of 52� N
latitude, values return to a near-pristine <2.5 kg NH3 ha

)1 y)1.
Dry deposition is significant at the eight sites where it has been measured, all

south of 52� N. It ranges from 17 to 41 percent of total nitrogen deposition. It

Figure 2. A map of nitrate deposition in southeastern Canada and the eastern USA for 1998.

Reprinted with permission from Vet et al. 2005. Note that in this and subsequent figures,

deposition values have been left in their original units. For convenience in converting, 1.00 mg l)1

NO3=0.224 mg l)1 N=16 leq l)1.
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is highest near industrial areas along the US border. Combining with wet
deposition to obtain total N deposition, values range from 2.6 kg N ha)1 y)1

at the western edge of Ontario to 7.5 kg N ha)1 y)1 at several sites in the East.
Dry deposition values have only been measured for 5 years, so there are no

detectable long-term trends. Peroxyacetyl nitrate (PAN) and NO2 are not in-
cluded in dry deposition, so total deposition estimates are likely underesti-
mated by as much as 40% in industrial regions, and about 10% for most of
Canada (Vet et al. 2005).

Wet and bulk deposition measurements of inorganic nitrogen species have
been made since the early 1980s at several sites. In Dorset, in central Ontario,
near the center of the steep gradient from high southern deposition values to
near-pristine northern ones, 26 years of precipitation record show no statisti-
cally-significant trend in either nitrate or ammonium. In contrast, sulfate in
rainfall has declined by 45–50% during the same period as the result of reduced
sulfur oxide emissions from smelters and coal-fired power plants in the region,
and recent reductions in the USA (Figure 3). Similarly, the Experimental
Lakes Area in northwestern Ontario has collected wet, dry and bulk precipi-
tation for many years. There are no significant trends in deposition of sulfur or
nitrogen, although there is a suggestion of a recent upturn in wet deposition of
nitrogen (Linsey et al. 1987; Vet et al. 2005). The major source areas for the
site are the Midwestern USA, followed by western Canada. Total nitrogen and
sulfur deposition at the ELA site are only 2.6 kg N ha)1 y)1 and
2.9 kg S ha)1 y)1 (Vet et al. 2005). Management of nitrogen deposition in
eastern Canada cannot be done in isolation from the USA. Canada emits only
7 percent of the combined nitrogen emissions in eastern Canada and the USA,

Figure 3. Twenty five years of sulfate, nitrate and ammonium concentrations in bulk deposition

at Dorset Ontario.
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but receives 32 percent of the resulting wet deposition of nitrogen, because of
being downwind of areas of high NOx production in the American Midwest.

Impact of high nitrogen deposition on ecosystems

Compounds of both sulfur and nitrogen contribute to the acidification of soils
and aquatic systems, and with respect to the effects of acidification, the ele-
ments cannot be treated in isolation. Various models have been used to predict
whether the capacity of terrestrial and aquatic ecosystems to tolerate acidifying
substances have been exceeded in eastern Canada. Critical load models com-
bining the deposition of acidifying sulfur and nitrogen compounds similar to
those used in Europe have generally been used for these assessments (Critical
load is defined here as in the UN-ECE as ‘‘a quantitative estimate of an
exposure to one or more pollutants below which significant harmful effects on
specified sensitive elements of the environment do not occur according to
present knowledge’’ following Nilsson and Grennfelt 1988).

One concern in base-poor soils such as those overlying Precambrian rock has
been that continued loading of acidifying substances is leaching calcium in
excess of the rate that it is being replenished by deposition and weathering
(Likens et al. 1996). Vet et al. (2005) used critical load models for soils and
freshwaters to project the extent of acidification damage under ‘‘best case’’ and
‘‘worst case’’ emissions control scenarios for Canada and the USA. It was
estimated that between 0.5 and 1.8 million km2 or 21 to 75 percent of eastern
Canada continues to receive acid deposition in excess of critical loads. The
effect of high acid deposition is particularly severe for forest soils, which
continue to export base cations in excess of inputs from weathering and
deposition. Calcium is particularly badly affected, with soil pools in south-
Central Ontario depleted by up to 30% since the early 1980s (Watmough and
Dillon 2003a, b). Declines in sugar maple growth (Watmough 2002) and
hardwood forest production (Oimet et al. 2001) have been attributed to cal-
cium depletion caused by exceedance of critical loads.

An additional concern is the combination of acid deposition and forest
harvesting. Watmough and Dillon (2003b) calculate that the combination of
calcium removal by forest harvesting and leaching could leave soils unable to
support new forest growth within a few decades because of calcium deficiency.
In brief, it appears that controlling acid deposition will be an important con-
sideration in sustainable forestry in eastern Canada.

Aquatic critical load models also indicate widespread acidification damage.
Vet et al. (2005) estimate that about 15% of lakes in eastern Canada south of
52� N that historically had pH values >6 (a critical threshold for many aquatic
species) will be incapable of maintaining such pH values under the current acid
deposition regime. The total number of lakes in eastern Canada south of 52� N
that are affected according to this criterion is 500,000 to 600,000 (Vet et al.
2005). As acidifying emissions continue, the continuing depletion of base ca-
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tions in catchment soils will require greater and greater reductions in emissions
of sulfur and nitrogen to reach target pH values in receiving waters. Climate
warming and drought have also caused the reoxidation of sulfur deposited in
catchments during previous periods of high deposition, exacerbating the
acidification problem (Bayley et al. 1992; Lazerte 1993).

In the Dorset, Ontario area, where long-term chemical records are available
for several lakes and their inflow streams, Henriksen et al. (2002) SSWC
steady-state model indicates that the proportion of lakes where critical loads
are exceeded has declined from>90 percent in the late 1970s to <40 percent in
the late 1990s, largely the result of reductions in sulfur oxide emissions. As the
result of these reductions, total inorganic nitrogen deposition (nitrate plus
ammonium) in equivalent units is now about 50 percent higher than sulfur
deposition (Figure 3). Despite the documented depletion of soil nutrients and
nitrogen deposition that exceeds long-term critical loads in analogous parts of
Europe, there are no detectable trends in stream or lake concentrations of
inorganic nitrogen in central Ontario during the last two decades. Nitrogen
export varies considerably between catchments and years, ranging from 0.1 to
1.5 kg N ha)1 y)1 (Watmough and Dillon 2003a).

Dean Jeffries (pers. comm.) has also analyzed 1081 lakes in eastern Ontario
using Henriksen’s SSWC model. Current deposition exceeds critical loads in 45
percent of the lakes. The nitrogen component of the exceedances is, however,
very small.

An exception to the above is Lake Superior, which receives little phosphorus
from either the atmosphere or via inflow streams, but receives moderate
loading of airborne nitrogen from industries and agriculture in the USA. As a
result, nitrate has nearly doubled in the latter half of the 20th century, from
200 lg l)1 in 1950 to almost 360 lg l)1 in 2001 (Hugh Dobson, National Water
Research Institute, pers. comm.).

Watmough et al. (2004) analyzed trends over a 16-year period in sixteen
forested catchments in Ontario. They found that there were no uni-directional
long-term trends in stream nitrate concentration, but that there were common
long-term patterns. Two stream groupings were identified. Those with shallow
soils, moderate slopes and large wetlands had low nitrate concentrations, while
those with deeper soils, steeper slopes and little wetland area had high nitrate
concentrations. These differences were attributed to various climate factors
including greater impact of droughts in the latter group. The importance of the
watersheds’ characteristics in determining nitrate concentration is streams was
also noted by Schiff et al. (2002), who observed nitrate exports differing by a
factor of 10 from two neighbouring streams with different slopes and wetland
components.

Nitrate plays a role in lowering pH during spring snowmelt in eastern
Canada. During snowmelt, concentrations of nitrate and hydrogen ion in
streams and lakes can increase several-fold. At some sites, nitrate can exceed
20 leq l)1 for short periods in the spring, enough to contribute to depression of
pH and alkalinity in lakes where alkalinity is less than 100 leq l)1. Alkalinity
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and pH depressions also occur in the autumn in streams and the littoral zones
of lakes, particularly following dry summers. Such events are also a major
problem for the biota (Dillon et al. 1997; Eimers and Dillon 2002). Although
sulphate was the dominant factor in most watersheds in these events, in one of
nine watersheds an increase in nitrate concentration was the cause of the
decline in alkalinity (Laudon et al. 2004).

Kaste and Dillon (2003) compared input and output for several terrestrial
catchments in eastern Ontario and Norway, and so far, deposited nitrogen has
been more efficiently retained in Canadian forested ecosystems than in similar
European catchments. The eight Ontario sites are in an area that receives near-
maximum nitrogen deposition, averaging 9 kg TIN ha)1 y)1 for 19–23 years.
They all retained over 90% of input. In contrast, four Norwegian catchments
that had deposition roughly twice as high retained only 43–71% of input. An
exception was Langtjern, which had a 97% TIN retention, but a deposition
equal to the Canadian sites. From these data it appears that there is a major
breakpoint in terrestrial saturation in northern forests, occurring somewhere
between 9 and 18 kg TIN ha)1 y)1, above which leakage from catchments
increases rather rapidly. This is within the range estimated by Grennfelt and
Hultberg (1986) for nitrate leaching at 10–15 kg N ha)1 y)1 (Reviewed by
Jeffries 1995).

At the Turkey Lakes Watershed (TLW), a few hundred km northwest of
Kaste and Dillon’s sites in Ontario, nitrogen retention was only 65%, at
average TIN deposition of about 9 kg ha)1 y)1. There is some evidence that
the source of the nitrate in outflow is nitrification of organic nitrogen in forest
soils (Spoelstra et al. 2001), and there has been little change in the efficiency of
retention over time. Hazlett and Foster (2002) showed that nitrate concen-
trations in subsurface throughflow draining toward Little Turkey Lake in the
TLW varied greatly in relation to slope, reflecting the soil horizons through
which the water had passed. In summary, there appears to be stable, and
usually high retention of nitrogen at the forested monitoring sites in eastern
Canada, even in those that receive the highest nitrogen deposition.

Wetlands are ubiquitous in the boreal ecozone. Beaver ponds (Devito and
Dillon 1993a) and Sphagnum-conifer swamps (Devito and Dillon 1993b), the
two dominant types of wetlands, are effective sinks for inorganic N, although
they release an equivalent amount of organic N. They therefore contribute
substantially to the effectiveness of landscapes in retaining nitrate and
ammonium, although they are in balance with respect to total N.

However, it is still unclear how close to critical loads these systems may be.
The FAB model (Posch et al. 1997) has been used in Ontario to calculate the
combined critical load of S and N (Aherne et al. 2004). This model takes into
account the major biogeochemical processes that involve nitrogen in a lake and
its terrestrial catchment, including uptake by vegetation, immobilisation in the
soil and denitrification, and in-lake retention. The model assumes that at least
some of the N leaks from catchments. Results suggest that the combined S and
N deposition exceeds the critical load to a higher proportion of lakes than if

33



critical loads based on only S were considered. In Europe, there seems to be a
several year lag before breakthrough begins at intermediate nitrogen deposi-
tion, even at constant rate. A long lag in reversal is also observed at the one site
where nitrogen deposition was experimentally decreased (Wright et al. 1994). It
would be wise to err on the side of caution, regulating nitrogen emissions to
keep deposition in Canada at current values or lower.

Kaste and Dillon (2003) also found that the terrestrial catchments of lakes
were the predominant sink for nitrogen because they tended to be large relative
to the area of the lake to which they drained (drainage area/lake area ratios of
3–49). On the other hand, lakes were more efficient sinks per unit area,
retaining 42–70% of deposition compared to 20–27% for terrestrial catch-
ments. The most important sink in oligotrophic boreal lakes is believed to be
denitrification in lake sediments (Kelly et al. 1990; Molot and Dillon 1993).

Western Canada

So far, deposition of nitrogen has been relatively low in most of western
Canada. Deposition values are <2 kg NO3 ha

)1 y)1 for most of the area west
of Manitoba (Jeffries et al. 2003), but these are based on relatively few stations.
Esther, Alberta, near the center of the western prairies, has a total deposition
of only 1.8 kg N ha)1 y)1. One exception is the lower Fraser Valley in B.C.,
where rates of more than 10 kg N ha)1 y)1 have been reported (Belzer et al.
1998; Schreier et al. 1999). NOx emissions have increased by 29 percent in
western Canada between 1985 and 2000, in contrast to the declines in eastern
Canada. As of 2000, NOx emissions in the west exceeded those in eastern
Canada for the first time. Emissions are predicted to increase by another 5
percent between 2000 and 2020. This estimate may be low, due to rapid pop-
ulation growth and massive developments in the Alberta Oil Sands. As de-
scribed later, these developments are expected to cause enormous increases in
nitrogen emissions to the atmosphere (Allen 2004).

There are only measurements of dry deposition at two sites in western
Canada, an area half the size of Europe. The climate of this region varies
greatly, making it is impossible to generalize about either dry or total depo-
sition. Given rapid increases in population, agriculture and industry in the
west, more deposition monitoring stations must be considered as an urgent
priority.

There is a slight suggestion of recently increased deposition of nitrate in
southern Alberta, at the only site in the Rocky Mountains with long term data.
Although annual values are scattered, deposition appears to have doubled in
about 15 years, from approximately 2 to about 4 kg NO3 ha)1 y)1 (Alberta
Environment, unpublished data). The region is not immediately downwind of
any large urban or industrial development. However, rapidly-growing indus-
trial areas near Calgary Alberta occupy a position on the eastern slopes of the
Rocky Mountains similar to those of Colorado, where nitrogen deposition has
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increased rapidly as industry and population have expanded (Williams et al.
1996). Dated ice samples taken in 1995 from glaciers at the highest point in the
Canadian Rockies showed low concentrations and no trend in ammonia and
nitrate deposition in 50 years (D.W. Schindler, unpublished data), but this
situation may have changed in the ensuing decade. There is some evidence that
N deposition is increasing downwind of major population centers, as described
in the next section.

Increasing humans, livestock and commercial fertilizer as sources
of atmospheric nitrogen

Rapidly increasing populations of humans, industrial development, livestock,
fertilizer manufacturing, and increasing use of manure and commercial fertilizer
in southern British Columbia and Alberta are causing increased atmospheric
concentrations of NOx and ammonia (Schreier et al. 2003; Schreier and Brown
2004). Vet et al. (2005) estimate that ammonia emissions in western Canada
increased by 8 percent between 1985 and 2000. Most of the emissions were in
southern parts of the prairie provinces and the lower Fraser River watershed,
where agriculture is concentrated. Highest values were in central Alberta and
coastal British Columbia, where both agriculture and fossil fuel combustion are
greatest. Ammonia emissions in western Canada are projected to increase by 57
percent between 2000 and 2020, largely the result of livestock and poultry
culture and other agricultural activities. Nitrogen released by centers of human
population is causing increased airborne emissions and deposition of nitrogen
well outside the geographical bounds of cities. Kochy and Wilson (2001) found
that deposition of nitrogen was higher in national parks downwind of prairie
cities than in more remote parks of the prairies. Cheng (1994) predicted such
results frommodelling studies in Alberta. His models predicted deposition of up
to 4 kg N ha)1 y)1 near Edmonton and Calgary, cities of approximately
1 million people each. However, these deposition values are lower than those
reported by Kochy and Wilson, using resin bags rather than precipitation
collections. Their results show deposition of 8 kg N ha1 y)1 for the most pris-
tine sites in Jasper National Park of the Rocky Mountains, and
22 kg N ha)1 y)1 for the highest sites downwind of Edmonton. Intercalibration
of such methods with direct analysis of precipitation samples is in order before
results of the two methods can be realistically compared.

The Athabasca Oil Sands

Another potential new source of nitrogen to the atmosphere is rapid devel-
opment in the oil sands of northeastern Alberta. So far, the two oil sands plants
that have been in operation for almost 30 years have not produced excessive
emissions of nitrogen. But with rapidly-increasing oil prices, a shortage of
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secure sources of oil in the Middle East, and recent hurricane damage to oil rigs
and refineries around the Gulf of Mexico, expansion has escalated. A third oil
sands plant is now operating, two more are under construction, and several
others are in the approval process. Huge trucks capable of carrying hundreds
of tonnes each are expected to produce NOx that will cause nitrogen emissions
to increase by 359% over 1998 values in the near future (Environment Canada
2003). Nitrate deposition in the mid-1990s was generally less than
2 kg ha)1 y)1 (Anonymous 2000). Near the center of oil sands activity,
nitrogen deposition is projected to be as high as 65 kg N ha)1 y)1 (Allen 2004),
and deposition greater than 20 kg N ha)1 y)1 is expected over thousands of
square kilometres (Anonymous 2000). Fortunately, most of the region around
the oil sands is not geologically-susceptible to acidification. The nearest areas
of concern from acidification is in northern Saskatchewan, over 100 km east of
the oil sands, and in a few parts of the Birch Mountains, about 100 km to the
northwest. Prevailing winds in the area are from the east, followed by the west.
So far, modelled emission and deposition scenarios have not been verified with
precipitation measurements, and the establishment of a precipitation moni-
toring network should be given high priority. Emissions of CO2 and SO2 are
also expected to increase substantially as the result of oil sands development.

In summary, little information is available on sources or deposition of
atmospheric nitrogen in much of western Canada. There have been no analyses
of where critical loads of acidifying substances may be exceeded at present or in
the future. Such studies are urgently required in order to plan for ecologically
sustainable development in several areas of rapid population and industrial
growth, including the lower Fraser River Valley of British Columbia, the
corridor from Calgary to Edmonton in Alberta, and the Athabasca Oil Sands
in northern Alberta.

Agriculture and urbanization as direct sources of nitrogen to water

The most rapidly increasing source of nitrogen in Canada is from agriculture.
Much of the increase in dissolved nitrogen results from direct movement of
nitrogen to water, rather than via the atmosphere. Both the use of com-
mercial fertilizers and the production of manure from livestock husbandry
have increased very rapidly. The increases in nitrogen are much more rapid
than those in phosphorus and potassium, the other two main elements in
commercial fertilizer. Since records began in 1950, nitrogen fertilizer pro-
duction in Canada has increased about 75-fold, while use of phosphorus and
potassium have increased by only 5 and 7-fold, respectively (Korol and
Rattray 1999).

In some cases it is difficult to distinguish losses of nitrogen by agriculture to
water from losses to air. Releases can be as N2O, a potent greenhouse gas and
precursor of urban smog, or as ammonia, which produces odors at high
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concentrations, is a NOx precursor, and can both acidify sensitive soils and act
as a fertilizer.

Increased demand for meat, particularly in the USA and the Orient, and
decreased financial returns per animal have caused an explosive increase in
livestock culture in Canada. In several provinces, populations of cattle,
hogs and poultry have increased several fold since the mid-20th century. In
the five years 1996–2001, Canadian cattle increased by 4.4%, hogs by 26.4%,
and chickens by 23.4%, despite a human population growth of only 4.0%
(Stats-Can, 2001). Alberta currently has the most cattle, 6.4 million. They in-
creased by 11.3% in the 1996–2001 period. The stated goal of the Alberta
government is to double that number. Hog increases have been greatest in
Quebec and Manitoba, but numbers in Alberta, Saskatchewan and other
provinces have also increased substantially. Chicken number have increased
most rapidly in British Columbia, by 37% over the same 5 year time period.

Chambers et al. (2001) calculate that 4.3 million tonnes of nitrogen were
added to Canadian farm land in 1996 from anthropogenic sources. Of this,
1.97 million tonnes were applied to agricultural land as manure, fertilizer and
biosolids, 0.77 million tonnes were fixed by domestic legumes, and 0.043 mil-
lion tonnes as atmospheric deposition of nitrate and ammonium. Only 58
percent of the amount added to agricultural lands was removed in the form of
crops. A total of 0.3 million tonnes of nitrogen were estimated to enter fresh,
ground and coastal waters as a result of human activity.

Most of the reported exceedances of groundwater standards for human
consumption of nitrate in Canada were in agricultural areas. Seventeen percent
of agricultural land in Ontario, 6% in Quebec, and 3% in Atlantic provinces
would be expected to produce runoff or seepage with >14 mg l)1 N, largely as
nitrate (Chambers et al. 2001). In Ontario, a significant proportion of both
shallow and deep wells have nitrate in excess of drinking water standards of
10 mg NO3 l

)1 (Goss et al. 1998; Rudolph et al. 1998).
According to Canadian statistics, hogs are particularly large sources of

phosphorus and nitrogen, with approximately 10 and 5 times the per capita
output of humans, respectively (Chambers et al. 2001). The application of
manure to land is high in parts of Canada that have high populations of
livestock. Most notably, southern Alberta, southern Ontario and Quebec, and
the lower Fraser Valley and Okanagan regions of southern B.C. have manure
applications of 1000 kg N ha)1 and more.

Eighty percent of nitrogen consumed by farm animals is excreted or egested,
after which 4–95% is lost to the atmosphere. Agriculture emitted an estimated
132 thousand tonnes of N2O–N in Canada in 1996, with the largest sources in
Alberta and Saskatchewan. The analogous figure for NH3–N was 849 thou-
sand tonnes from agriculture (1990 values). Fifty-five percent of the emissions
were from fertilizer. Anhydrous ammonia is the most popular fertilizer in
Canada, followed by urea. Both can have high losses to the atmosphere and
acidify the soils. Fifty five percent of the nitrogen emissions from livestock are
emitted by cattle (Desjardins and Keng 1999). Some of the highest atmospheric
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ammonia deposition has been measured in the most intensively used agricul-
tural area in the lower Fraser Valley in B.C. where annual total atmospheric
ammonia deposition rates of 9.5 kg N ha)1 y)1 were measured in 1997
(Schreier et al. 1999).

The lower Fraser River Valley in British Columbia is one of the most rapidly
developing areas of Canada, with human populations and intensive agriculture
increasing very rapidly (Schreier et al. 2003). The region has the highest density
of livestock in Canada. Livestock culture is also changing rapidly from tradi-
tional methods to industrial confined feeding operations (CFOs). Nitrogen
applications of both manure and commercial fertilizer are high, with over 50%
supplied by manure in many of the subregions. Total applications in most
areas are 200 to more than 300 kg N ha)1 y)1. In most cases, these applica-
tions are in excess of plant needs, and excesses of application/demand are
typically over 100 kg N ha)1 y)1, with calculated excesses in some areas
exceeding 300 kg N ha)1 y)1. While populations of cattle, hogs and horses
appear to be relatively stable, there has been an explosion in poultry culture,
with chicken populations nearly doubling in between 1991 and 2001 (Schreier
et al. 2003).

Commercial fertilizer use in Canada has also increased, by 20–30% every
5 years, according to Statistics Canada data (Statscan 2001). Using a nutrient
budget modelling approach, Schreier et al. (2003) calculated that average an-
nual surplus applications for the arable area of the lower Fraser Valley were
more than 50 kg N ha)1 y)1. Seven of the twenty subregions of the area had
application rates exceeding 100 kg N ha)1 y)1 (Figure 4, Schreier and Brown
2004). In the Sumas River watershed, which is located in the most intensively
used agricultural area in the valley, surplus levels of up to 300 kg N ha)1 y)1

were reported by Berka et al. (2001) and Schreier et al. (2003). Berka (1996)
showed a significant positive relationship between surplus application rates
and ammonia concentrations in surface and groundwater of the Sumas River
watershed during the winter season and a significant negative relationship
between surplus N and dissolved oxygen. Nitrate concentrations in the river
have gone up steadily for over 30 years (Figure 5). Smith (2004) showed po-
sitive correlations between animal stocking density and surplus nitrogen
applications within stream buffer zones (100 m wide on both sides of the river,
and 500 m long stream segments) and ammonia and nitrate values in the Su-
mas River during the winter. Smith was also able to show how the rapid
increase in animal stocking density between 1973 and 2003 has impacted the
nitrate levels in the streamwater during the winter, when active uptake by
vegetation is low.

Urbanization presents other problems. Decreased infiltration of water,
coupled with lawn fertilizer, pet excrement, street dust, etc. can make storm
water quality quite similar to that of sewage. Destruction of wetlands (80% in
the lower Fraser, 70% in the western prairies), channelization of streams, and
destruction of riparian buffer zones lead to the efficient delivery of all chemicals
to water.
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In most regions of Canada, regulations for discharge of animal wastes are
rudimentary. Most wastes are simply spread or sprayed on the land. Hog
operations usually discharge to surface lagoons, which have high ammonia
losses to the atmosphere. Timing and rates of manure application are not well-
regulated, with application on frozen ground being common. Riparian corri-
dors and wetlands are filled and destroyed in many regions. On average, 70%
of wetlands in southern Canada have been destroyed, with little regard for their
role as important nitrogen sinks or sites of denitrification. As a result, nitrogen
has increased greatly in many surface waters. Phosphorus has also increased,
and as most waters in the western prairies are phosphorus rich to begin with,
one result is rapidly increasing eutrophication.

Eutrophication of freshwaters and marine ecosystems

Most Canadian freshwaters are phosphorus limited, and in general phosphorus
released from human activity has increased even more rapidly than nitrogen
(Chambers et al. 2001; Schindler 2001). In Lake Winnipeg, concentrations of
total nitrogen have more than doubled in less than 10 years, from about 350 to
over 800 lg l)1. Phosphorus and chlorophyll have also increased, from 30 to
55 lg l)1 and 5 to over 20 lg l)1, respectively. The current state of the lake
with respect to nutrient concentrations and algal blooms is roughly the same as
Lake Erie was at the height of the eutrophication problem in the early 1970s
(M.P. Stainton, Freshwater Institute, pers. comm.).

Increasing trends for phosphorus, nitrogen and algal populations are com-
monly identified in paleoecological studies of western lakes (Blais et al. 2000;
Schindler unpublished data). In general, phosphorus has increased more rap-
idly than nitrogen, resulting in the proliferation of nitrogen-fixing Cyanobac-
teria. In the west, increasing temperatures (1–3� C in the western prairies), and
drought conditions (which have caused huge declines in water flows in rivers
and water renewal times in lakes) have exacerbated problems with water
quantity and quality (Schindler and W. Donahue, unpublished data).

Land-use change has been responsible for some of the nutrient increases in
lakes in Canada. The prairies have been largely converted to agricultural land,
so that new lands for agriculture are taken from areas that were originally
forested. Studies in Ontario (Dillon and Kirchner 1975) and Alberta (Neufeld
and Schindler unpublished) indicate that simply clearing a small parts of for-
ested catchments for agriculture can cause yields of nutrients to increase by at
least two-fold. Once cleared, pastures or fertilized croplands usually follow,
causing additional increases in nutrient runoff. Many of the lakes in western
Canada have undergone moderate to severe eutrophication as a result of these
changes. In Alberta, with its rapid population growth, rapid lakeshore devel-
opment has contributed to eutrophication in many of the same lakes.

So far, there is little sign of coastal eutrophication in Canada even though
large coastal cities like Halifax, Victoria, and part of Vancouver discharge
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sewage directly into coastal waters. Perhaps the most threatened area in the
country is the Georgia Basin, which receives the discharge of the Fraser River
as mentioned above, but is surrounded by 4.5 million people and their enter-
prises, if the combined populations of the Vancouver Area, Victoria on Van-
couver Island, and the American city of Seattle are included. The population of
the area is increasing rapidly, with the 2010 population predicted to be 28%
higher than at present. Eutrophication is presently confined to small protected
bays, because of high exchange rates with the main Pacific Ocean via the Strait
of Juan de Fuca (Chambers et al. 2001).

On the east coast of Canada, Halifax Harbor has received the effluents from
the cities of Halifax, Dartmouth and Bedford for many decades. Raw sewage is
discharged, and although the human population is much smaller (343000) than
the Georgia Basin, the Bedford Basin and Halifax Harbor form a small,
protected marine estuary. Fortunately, very high tides produce a rapid ex-
change with the main Atlantic Ocean. While it is difficult to dissect the effects
of nitrogen from other components of raw sewage, dinoflagellate blooms and
occasional summer fish kills have been observed (Chambers et al. 2001).

Summary

While Canada has so far escaped major problems with airborne or waterborne
nitrogen, many of the problems experienced by other countries are beginning
to emerge as human populations and industry increase and livestock culture
intensifies. Potential problems with acid rain, increased nitrate in surface and
ground water, and eutrophication, especially of marine estuaries, are problems
that are expensive and difficult to control once they have reached critical stages.
It would be economically astute to limit nitrogen releases before the problem
becomes acute.
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Abstract. Human impact on nitrogen cycling, in particular the introduction of reactive nitrogen in

terrestrial and aquatic ecosystems, can be examined at multiple scales, from the global impact on

atmospheric chemistry to the impact of human activities on soil organic matter and fertility at the

scale of square meters. Nevertheless, anthropogenic loading of nitrogen cycling in natural and

managed ecosystems can be seen most directly at the regional scale, where concentrated human

activity results in disruption of the nitrogen balance, with consequences for biogeochemical cycling

and their interactions. Differences in land-use and agricultural practices between North and South

America, and the importance of economic drivers that determine the fate of new reactive nitrogen

demonstrate a contrasting picture of human impact on N cycling when the consequences are

considered at the global vs. the regional scale. In particular, in the Pampa region of Argentina, the

central agricultural zone of the country, the expansion of soybean cultivation in the last 20 years

and the use of synthetic fertilizers have resulted in an influx of reactive nitrogen into these systems,

with unexpected consequences for the nitrogen balance. A mass balance of nitrogen for soybean

demonstrates that increased nitrogen inputs from biological fixation do not compensate for losses

due to seed export, such that most areas under soybean cultivation are currently experiencing a

substantive net loss of nitrogen. In addition, other crops that are currently being fertilized still show

a net loss of nitrogen also due to the effect of primary exports from these agroecosystems. These

simple models demonstrate that socioeconomic factors in large part drive the contrasting effects of

anthropogenic impact on nitrogen cycling at global vs. regional scales. The future impact on

nitrogen cycling in the Americas requires an integration of both ecological factors and socioeco-

nomic drivers that will ultimately determine human disruption of the nitrogen cycle.

Introduction

The globalization of agriculture in the last century has resulted in marked
changes in the movement of materials, goods and services at local, regional and
global scales (Vitousek et al. 1997b). At present, estimates range from 20 to
30% of global net primary production (NPP) that is appropriated for human
use, the vast majority stemming from agricultural practices (Vitousek et al.
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1986; Rojstaczer et al. 2001; Imhoff et al. 2004). These patterns of appropri-
ation are, however, region-specific with estimates for human consumption of
net primary production in North America a much larger fraction than for
South America (Imhoff et al. 2004). Beyond the biological import of agricul-
tural practices affecting both managed and natural ecosystems, the importance
of market and political forces driving changes in land use and manipulation of
natural ecosystems for food production highlights the importance of under-
standing the socioeconomic framework of agriculture as a global change.

In particular, the increase in the use of nitrogen, both from synthetic fer-
tilizers and by cropping of leguminous species has been estimated to have
doubled the circulation of reactive nitrogen (e.g. Galloway and Cowling 2002;
Galloway et al. 2004), with a consequent disruption of the N cycle and inter-
action with other biogeochemical cycles (Vitousek et al. 1997a; Austin et al.
2003). At the regional scale, anthropogenic loading of nitrogen from agricul-
ture varies widely. For example, there are a number of differences in agricul-
tural practices between North and South America, which largely stem from the
use of synthetic fertilizer and the intensity of land use conversion in North
America. Capital-intensive agriculture, which relies on large inputs of energy,
machinery and synthetic fertilizers result in large outputs of inorganic nutrients
to adjacent aquatic and estuarine systems (Howarth et al. 1996, 2002; Berman
et al. 2005). However, the vast extent of land in the tropical zones of South
America often have experienced a different land-use history, which includes
slash-and-burn and conversion of forest ecosystems to transient agriculture,
and low-input agriculture (Viglizzo et al. 1997a, b). As such, examining these
impacts at a global scale may mask important contrasts with the effects of
anthropogenic loading of nitrogen at regional or even local scales.

There is a general recognition that increased yields in the last 50 years have
resulted in large part from the intensification of cereal crops, rather than the
extensification of agriculture to marginal lands (Cassman 1999). It is estimated
that agricultural intenstification will accelerate in the Latin American region in
the next 50 years (Tilman et al. 2002). It has yet to be seen what the conse-
quences will be for nitrogen loading in particular, as Latin American countries
with substantial agricultural production such as Argentina and Brazil increase
the use of fertilizers in an effort to meet food demand and maintain a com-
petitive presence in the world agricultural market.

Current and future agricultural practices in Latin America are and will be
critical in determining the human impact on the N cycle, due to the importance
of the agricultural sector in the economies of most of the region (Martinelli
et al. 2006, this volume). At the same time, differences both in climatic and
edaphic properties as well as socioeconomic policies make generalization dif-
ficult in terms of predicting the consequences of human activity in this region.
The objective of this review is to examine aspects of the impact of agriculture
on nitrogen cycling in Argentina, principally the impact of soybean cultivation
and synthetic fertilizer use, in an effort to understand the important vectors of
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human-induced global change on the N cycle at the regional scale and in a
global context.

Agriculture in Argentina: the breadbasket of South America

Argentina is currently considered one of the major agricultural regions of the
world, with most activity centered in the Pampa region of converted natural
grasslands of Buenos Aires, Córdoba and Santa Fe provinces (Hall et al. 1992).
This extensive region of 52 million hectares ranges in precipitation from more
humid systems up to 1100 mm precipitation in the east to semiarid systems of
600 mm rainfall. Cereal grain agriculture began in the 1870s with rapid
expansion until 1937, after which agriculture activity diminished. Mechanized
agriculture grew in importance starting in the 1970s, but lagged behind other
countries due to the access to technology and large-scale international capital
(Viglizzo et al. 1997a, b). While land-use changes in the Pampa region are more
recent, comparative analysis between North and South America suggest that
the impact of agriculture has similar effects on carbon uptake and radiation
capture in both continents (Guerschman and Paruelo 2005).

In the main agricultural region of Argentina, the Pampa, the major crops are
in descending order of cultivated area, soybean (Glycine max (L.) Merr.),
wheat (Triticum aestivum L.), maize (Zea mays L.) and sunflower (Helian-
thus annuus L.) (Figure 1, FAO 2004; SAGPyA 2005). While soybean is the
crop with the most dedicated area in the region, there is very little nitrogen
fertilizer used in this crop due to the large contribution of biological nitrogen
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fixation (BNF) associated with its symbiosis with the bacteria Rhizobium. The
minor application of nitrogen stems from the combined fertilizer use with
diammonium phosphate. At the same time, synthetic fertilizer, almost exclu-
sively in the form of urea, is now applied widely to both wheat and maize
crops, and a large fraction of the area receives some fertilizer during the crop
rotation (Figures 1 and 2). It is important to note that in almost all cases, the
amount of nitrogen applied as fertilizer or gained through crop BNF is not
sufficient to compensate for losses associated with current agricultural prac-
tices in the region (Viglizzo et al. 2001; Dı́az-Zorita et al. 2002). We will ad-
dress these two agriculture practices in the following sections, in an effort to
examine the impact on nitrogen cycling and balance in the Pampa region.

More N from legumes? The case of soybean cultivation in Argentina

The expansion of cultivation of leguminous crops at the global scale is cur-
rently adding approximately 40 Tg of nitrogen annually, and is one of the
principal pathways of reactive nitrogen entering terrestrial ecosystems (Vito-
usek et al. 1997a). This anthropogenic loading is especially relevant in
Argentina, where both the expansion of soybean cropping in marginal land
and the intensification of soybean cropping in currently cultivated land have
increased markedly in the last 20 years (Figure 3).

In theory, legume-based cropping (or intercropping with other crops such as
maize) can reduce carbon and nitrogen losses from cultivated land. The
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incorporation of low carbon:nitrogen litter in soil organic matter from legu-
minous crop residues, and timing of cropping has been shown to increase
carbon and nitrogen retention in temperate agroecosystems (Drinkwater et al.
1998). In the region, areas dedicated to grazing by domestic livestock are
frequently seeded with leguminous species such as alfalfa, which increase soil
fertility and nitrogen retention (Garcı́a-Perchác et al. 2004). In the case of crop
species, however, the observed increase in soil C and N are compared to losses
resulting from traditional cropping methods, generally single crop cultivation.
The nitrogen balance from a cropping system must incorporate the various
inputs and perhaps more importantly the outputs from the system in question.
Our question focused on when natural ecosystems are converted to cropped
systems, albeit with leguminous species, what is the effect on the net balance of
nitrogen?

Soybean cultivation in Argentina has expanded markedly in the last 30 years
in Argentina, with current estimates for 2004 of over more than 14,500,000 ha
under cultivation (Figure 3), and the leading crop in the Pampa region (Fig-
ure 1). The introduction of glyphosate-tolerant soybean in Argentina, which
was genetically modified for herbicide resistance, transformed the way in which
this crop was cultivated, and over a very short time period. In 1996, glypho-
sate-tolerant soybean occupied less than 1% of the planted crop area; by 2002,
over 90% of cultivated soybean was of the genetically modified strain, a rate of
adoption that exceeded the United States (Trigo and Cap 2003). This was due,
in part, to the release of patents on both the soybean seed source and the
glysophosphate herbicide that resulted in rapid development of local varieties
of glyphosate-tolerant soybean and relatively inexpensive access to the herbi-
cide. A part of the technological package of planting of glyphosate-tolerant
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soybean was no-till cultivation, which increased in parallel with the expansion
of soybean cultivation. As of 2002, over 90% of the area of soybean cultivation
in the region is under no-till agricultural practices, with very low fertilizer
inputs of both nitrogen and phosphorus (Figure 2).

We calculated a simple mass balance for nitrogen of a soybean crop based on
the nitrogen content of the different plant compartments and biological
nitrogen fixation, along a gradient of increasing grain yield from 2000 to
6000 kg/ha. We considered novel inputs for nitrogen only from biological
fixation from the crop, while losses due to leaching, volatilization or topsoil
erosion were not included in the calculations. Aboveground standing biomass
was estimated based on grain yield (GY) and harvest index (HI–the ratio of
grain biomass to aboveground biomass) from 53 studies from Argentina using
local varieties of soybean (Dardanelli et al. 1991; Andrade 1995; Scheiner et al.
1997; Weilenmann de Tau and Lúquez 2000; Sadras and Calvino 2001; Di
Ciocco et al. 2004). Our analysis showed that HI did not vary with grain yield
(HI = 1·10)6*GY +0.3801, r2=0.0012, n.s.), which has also been shown in
studies of soybean varieties from temperate North America (Schapaugh and
Wilcox 1980). We assigned a mean value of 0.387 across the yield gradient
based on the local studies. Soybean litter decomposed previously to the har-
vest, was set at 30% of aboveground standing biomass at harvest an upper
bound for return of aboveground biomass to the soil. Data for root biomass
was almost inexistent, but was estimated based on published studies of root to
shoot ratio (root/aboveground biomass including seed), and we used the
average value of 0.20 from these studies (Allmaras et al. 1975; Hudak and
Patterson 1995; Scheiner et al. 1997).

Nitrogen concentration in soybean grain, aboveground biomass, litter and
roots was estimated based on reported values of N content in each plant
compartment from local studies and when data was not available, from other
temperate ecosystems (Álvarez et al. 1995; Peoples 1995; Di Ciocco et al.
2004). Finally, the percentage of biological nitrogen fixation (BNF) was esti-
mated for the crop as a whole, as well as the allocation to different plant
compartments. We used a range of values from 20 to 50% of nitrogen in seed
derived from BNF, based on 15N isotpe pool dilution experiments from the
region (Álvarez et al. 1995; Di Ciocco et al. 2004). We found no local studies
that reported the fraction of BNF allocated to litter and roots, and as such, we
estimated BNF in these compartments using simulated values of a widely used
crop model in the region, CropGro.

With increasing crop yield, our model showed increasing amount of nitrogen
derived from BNF, and increased return of nitrogen to the soil (Figure 4).
Interestingly, a larger fraction of BNF was allocated to seed mass than other
plant compartments (Álvarez et al. 1995; Di Ciocco et al. 2004) such that a
larger fraction of the fixed N was destined for export. At the same time,
increasing yield and N exports in grain estimated from the above data varied
from 104 to 313 kg/ha (Figure 4). Across all yields, there was a net loss of
nitrogen due to seed exports, with N deficits ranging from )42 to )126 kg/ha
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(Figure 5), while the percentage of loss across all yields was 23% of the total
crop N.

The potential for BNF of soybean varies from 0 to 95% (Unkovich and Pate
2000), and has been shown to vary inversely with soil nitrate concentration at
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sowing (Peoples 1995; Peoples et al. 1995; Singh et al. 2003). In addition, the
BNF from soybean is reduced with moderate doses of fertilizer (Gan et al.
2002). Furthermore, studies from tropical or infertile soils typically show a
much higher percentage of nitrogen in the soybean crop coming from BNF,
which can be as high as 80% of biomass nitrogen (Maskey et al. 2001; Alves
et al. 2003). The paradox of human impact of soybean cultivation on the
nitrogen cycle in Argentina thus stems from the fact that these highly fertile
soils may inhibit the capacity for nitrogen fixation, reducing the possible
compensation of BNF for seed export of nitrogen. Application of N fertilizer
works against the BNF efficiency, such that inorganic N amendments to the
soil do not increase yield due to the inhibition of nodulation. Thus the current
practice of single rotation soybean actually accentuates nitrogen losses due to
the lack of economic and ecological motivation for adding nitrogenous fertil-
izer. Extrapolating these simple calculations to the Pampa region, for an
average yield of 3000 kg/ha, this model estimates that total nitrogen losses
from the region at 756,000 tons for 2002, not including possible losses due to
leaching, volatilization, or soil erosion. Thus, in spite of a no-till cultivation
and a leguminous crop, the example of soybean in Argentina demonstrates that
human impact on the nitrogen cycle can result in a substantial net loss of
nitrogen at the regional scale, and that current agricultural practices are
essentially ,mining’ the nutrient capital of this region.

Why fertilize? The case of synthetic fertilizer use in Argentina

The development of the Haber–Bosch process in 1913 to synthetically produce
nitrogen fertilizer revolutionized agriculture (Smil 2001; Galloway and Cowl-
ing 2002). A readily available source of nitrogenous fertilizer made it possible
to increase yields in many crops, and was particularly important as a part of
the technological package of the ,green revolution’ during the 1960s and 70s
(Matson et al. 1997; Tilman et al. 2002). Globally, nitrogen fertilizer use has
increased eight-fold in the last 50 years, and is expected to more than double by
2050 (Tilman et al. 2001). The increased use of nitrogen fertilizer globally has
doubled food production in the last 35 years but coupled with increased yields
have been adverse effects on adjacent downstream and natural ecosystems,
including eutrophication of estuarine zones (Rabalais et al. 1996; Howarth
et al. 2002). At the same time, there is great deal of regional variation within
Latin America in the intensity of nitrogen fertilizer use, with Argentina being
on the lower end of the range of fertilizer application (Figure 6a). Because of
the highly fertile Pampa soils, however, Argentina has a fertilizer efficiency (kg
grain/kg fertilizer applied) that is one of the highest in the world (Figure 6b).

Outside of North America and Europe, ecological consequences of nitrogen
use in agriculture have been less evident. Nevertheless, intensive agricultural
practices in the Yaqui Valley of México, have resulted in extensive phyto-
plankton blooms in nitrogen-limited areas of the Pacific Ocean very recently
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(Berman et al. 2005). In general, the use of fertilizers in agriculture in South
America and in particular in Argentina, has had a much shorter history than
North America and Europe. It was not until the 1970s with the introduction of
improved crop varieties that the benefits of nitrogen fertilizer could be seen and
hence promoted the practice of fertilizer application. In Argentina, the intro-
duction of a government-subsidized credit plan in 1973 that allowed the pur-
chase of fertilizers against future profits from the harvested crop resulted in the
growing use of urea, and a stabilization of the relationship in prices between
fertilizers and wheat and corn. Much more important for fertilizer use in
agriculture, however, was the election of a government in 1989 which was
based on a free market economy and open trade policies (Trigo and Cap 2003).

Two consequences of government policy had a large impact on the increase
in the use of fertilizers between 1992 and 2001 (Figure 7). The first was the
removal of the export tax, which caused a large increase in the profit margin
for agricultural exports and an incentive for higher yields. Second, the ,sta-
bilization’ of the Argentine currency by linking it 1:1 with the dollar made it
possible to purchase previously unavailable products such as fertilizer and
herbicides. The resulting change in the political administration caused a dra-
matic increase in fertilizer application until 2001, almost entirely from im-
ported sources (Figure 8). After the severe economic crisis of 2001–2002 and
the devaluation of the Argentinean peso, the national production of fertilizers
increased drastically, to the point where Argentina now is an exporter of
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fertilizers (Figure 8). This trend of increased fertilizer use has been observed in
other parts of Latin America, particularly in Brazil, where similar changes in
government policy have stimulated economic growth in the agricultural sector
(Martinelli et al. 2006, but see Baisre 2006, this volume).

The increased use of nitrogen fertilizer has not compensated for the export of
elements in grain from all cropping systems. Analysis of agricultural impact in
the last century suggests that low-input agriculture has reduced the nitrogen
capital of the Pampa region (Viglizzo et al. 1997a, b), but estimates with cur-
rent fertilization rates also demonstrate a net loss of N, P, K and S in all major
crops (Figure 9, Garcı́a et al. 2005). In particular, the net balance of nitrogen
use in the Pampa region of Argentina for 2002 ranges from 25 to 100 kg/ha
deficit of N in this region, due to the export of nitrogen in grain and seed

*
**

*
**

Nitrogen/ha

Y
ie

ld
 P

es
os

 $
/h

a

F
er

til
iz

er
co

st
 P

es
os

 $
/h

a

*
**

(a)

(b)

Figure 7. Conceptual diagram of how economic policies in Argentina altered fertilizer use since

1989. A) Simple model of diminishing returns on yield with application of nitrogen fertilizer in a

static economic situation. The choice of fertilizer dose, marked with the arrow, is made based on

the maximum difference between fertilizer cost and change in yield. B) The removal of the export

tax (*) increased the value of the harvested crop, shifting the yield curve upward, and the stability

and convertibility of the peso (**) resulted in a decrease in the real cost of fertilizer. The net result is

a strong economic incentive to increase fertilizer use as the dose for maximum profit is shifted to

the right on the axis of fertilization (marked with arrows).

54



(Figure 10, Garcı́a et al. 2005). Again, the relative low input of fertilizer use in
this region and the high fertility of the soils results in an export of nutrient
capital, and a negative balance for the region, not only for nitrogen but for
other elements as well.

It is clear from these two examples of the effect of agricultural practices on
nitrogen cycling in Argentina that understanding the present and future human
impact on N cycling must include the effects of political and economic policies
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on nitrogen use, cycling and movement across regional boundaries, both in
developed and developing economies. In addition, the challenge of integrating
global and regional effects of anthropogenic N loading will require region-
specific responses due to the dynamic political and economic environment of
much of Latin America. Most regions of the northern hemisphere such as
Canada and the United States continue to increase the amount of reactive
nitrogen in the form of agricultural inputs (Schindler et al. 2006, this volume),
while other regions, such as Cuba, have followed a different trajectory of
decreasing nitrogen inputs, due to elimination of fertilizer subsidies (Baisre
2006, this volume). Argentina, with its rapid changes in free-market economic
policies in the last 20 years coupled with the importance of the agricultural
sector serves as an example of a hybrid between the importance of economic

Figure 10. Spatially explicit nitrogen balance in the Argentinean Pampa, 2003 Source: Garcı́a

et al. (2005) and http://www.inpofos.org.
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and ecological drivers affecting human impact on nitrogen cycling. The central
conclusion for Argentina is that in spite of increased cultivation with legumi-
nous crops and a small but dramatic increase in nitrogen fertilizer use, the net
effect on N cycling for this region is negative, with reductions in N in soil
organic matter and net loss of nitrogen from these agroecosystems. These
models reinforce other analyses from the region, such that the challenge is to
find a crop rotation that combines high BNF efficiency with lower nitrogen
losses to begin to compensate for the current negative balance of soybean
cultivation (Diaz Zorita and Duarte 2004). These losses, however, are likely to
increase in the next 15 years due to growing demand for cereal grain pro-
duction and the stated goal of 100 million metric tonnes of cereal production in
Argentina. The dynamic nature of political change and socioeconomic drivers
affecting agricultural practices must be incorporated into our understanding of
the consequences of human activity on nitrogen cycling at all scales.

Acknowledgements

This manuscript was a result of collaboration in a series of workshops on the
impact of human activity on nitrogen cycling in the Americas, supported by the
Inter-American Institute for Global Change Research, CNPq – PROSUL of
Brazil, University of Brasilia and Cornell University. We are grateful to Bob
Howarth and Luiz Martinelli for leading the effort to bring together a diverse
group of people to discuss issues of global change and nitrogen cycling, and to
many others including Elvira Cuevas and Mercedes Bustamante for hosting
local workshops. Access to maps of nitrogen losses in the Pampa region were
kindly provided by INPOFOS ConoSur. We thank Ernesto Medina, Roberto
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Diaz Zorita M. and Duarte G. 2004. Manual práctica para la producción de soja. Hemisferio Sur,

Montevideo.

Dı́az-Zorita M., Duarte G.A. and Grove J.H. 2002. A review of no-till systems and soil man-

agement for sustainable crop production in the subhumid and semiarid Pampas of Argentina.

Soil Till. Res. 65: 1–18.

Drinkwater L.E., Wagoner P. and Sarrantonio M. 1998. Legume-based cropping systems have

reduced carbon and nitrogen losses. Nature 396: 262–265.

FAO 2002. Food and Agricultural Organization. FAOSTAT database collection., Available at

http://www.apps.fao.org.

FAO 2004. Uso de fertilizantes por cultivo en Argentina., 50. Food and Agricultural Organization,

Roma.

Galloway J., Dentener F., Capone D., Boyer E., Howarth R., Seitzinger S., Asner G., Cleveland C.,

Green P., Holland E., Karl D., Michaels A., Porter J., Townsend A. and Vorösmarty C. 2004.
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Abstract. The production of reactive nitrogen worldwide has more than doubled in the last century

because of human activities and population growth. Advances in our understanding of the nitrogen

cycle and the impacts of anthropogenic activities on regional to global scales is largely hindered by

the paucity of information about nitrogen inputs from human activities in fast-developing regions

of the world such as the tropics. In this paper, we estimate nitrogen inputs and outputs in Brazil,

which is the world’s largest tropical country. We determined that the N cycle is increasingly

controlled by human activities rather than natural processes. Nitrogen inputs to Brazil from human

activities practically doubled from 1995 to 2002, mostly because of nitrogen production through

biological fixation in agricultural systems. This is in contrast to industrialized countries of the

temperate zone, where fertilizer application and atmospheric deposition are the main sources of

anthropogenic nitrogen. In Brazil, the production of soybean crops over an area of less than

20 million ha, was responsible for about 3.2 Tg N or close to one-third of the N inputs from

anthropogenic sources in 2002. Moreover, cattle pastures account for almost 70% of the estimated

280 · 106 ha of agricultural land in Brazil and potentially fix significant amounts of N when well

managed, further increasing the importance of biological nitrogen fixation in the nitrogen budget.

Much of these anthropogenic inputs occur in the Brazilian savannah region (Cerrado), while more

urbanized regions such as the state of São Paulo also have high rates of nitrogenous fertilizer

inputs. In the Amazon, rates of anthropogenic nitrogen inputs are relatively low, but continuing

conversion of natural forests into cattle pasture or secondary forests potentially add a significant

amount of new nitrogen to Brazil given the vast area of the region. Better measurements of

biological fixation rates in Brazil are necessary for improving the nitrogen budgets, especially at a

more refined spatial scale.

Introduction

Over the past century, growing human population and increasing human
activities related to the production of food and energy have more than doubled
the production rate of reactive nitrogen (Nr) on the land surface of the Earth
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(Galloway and Cowling 2002; Galloway et al. 2004) and greatly altered the
nitrogen cycle globally. Consequently, in many parts of the world the con-
version of unreactive N2 to reactive forms (nitrogen oxides plus other oxidized
nitrogen species, NH3, NH4, and organic N) became controlled mainly by
anthropogenic activities such as fertilizer production, combustion of fossil fuel,
and biological fixation in agriculture, instead of being controlled by natural
processes such as natural biological nitrogen fixation (BNF) and lightning
(Smil 2001; Galloway et al. 2004).

The anthropogenic production of Nr has been especially high in industri-
alized countries of the temperate zone, where severe eutrophication of estuaries
and coastal zones (Howarth et al. 2000; NRC 2000; Rabalais 2002), acidifi-
cation of lakes and streams (Vitousek and Field 1999), and forest decline (Aber
et al. 1995, 2003) have become common environmental problems associated
with increasing nitrogen loads to ecosystems. Because the tropics encompass
mainly developing countries, the rates of Nr production by anthropogenic
activities and inputs in tropical ecosystems have not been an issue commonly
addressed in scientific investigations (Matson et al. 1999, 2002). However,
important drivers responsible for the increased production of Nr in the tem-
perate zone are increasingly influencing the nitrogen cycle in the tropics and
sub-tropics (Matson et al. 1999; Galloway and Cowling 2002), further
changing the global cycle. Therefore, advances in our understanding of the
nitrogen cycle and the impact of anthropogenic activities at regional to global
scales depend on the expansion of scientific studies of fast-developing regions
of the world such as the tropics (Galloway et al. 2004).

Vast deforestation, rapid conversion of natural vegetation into agricultural
lands accompanied by intensification of agriculture, expansion of nitrogen-
fixing crops, increasing rates of fertilizer consumption, population growth and
fast urbanization rates are the common drivers altering the nitrogen cycle in the
tropics. For instance, deforestation and slash-and-burn practices in the
Amazon basin, where forest clearings have reached about 250,000 km2 be-
tween 1990 and 2003 (Laurance et al. 2004), alters the nitrogen cycle by
increasing the rates of nitrogen mineralization and mobilization in soils and,
consequently, the export of nitrogen in tropical streams (Williams and Melack
1997). After the typical conversion of Amazon forests into pastures, rates of
mineralization and nitrification tend to decrease, and reduce the nitrogen
availability in soils and delivery rates to water bodies (Neill et al. 1997; Melillo
et al. 2001). However, as natural vegetation and aging pastures are increasingly
converted to intensive production of export crops such as soybeans, cotton and
other lucrative crops, growing rates of both nitrogenous fertilizer consumption
and biological nitrogen fixation in agriculture (Boddey et al. 1997) are leading
to increased inputs of anthropogenic Nr to the landscape and, eventually, to
higher export of nitrogen to surface waters (Downing et al. 1999).

In this paper, we examine the changes in the nitrogen cycle associated with
anthropogenic activities in Brazil, the largest tropical country in the world,
with 8.5 million km2 and a wide range of tropical biomes, spanning from
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humid tropical lowland forests to dry tropical forests, savannas, wetlands and
mountain forests. The main large-scale activities changing the nitrogen cycle in
Brazil include deforestation of the Amazon, the conversion of vast areas of
pastures and natural vegetation to high-intensity agriculture in the central
region (Cerrado), and high urbanization rates in the southeast region, where
urban centers such as Rio de Janeiro and São Paulo have approximately 12 and
18 million people, respectively.

Methods

The effects of human activities on the nitrogen cycle in Brazil are examined
using a nitrogen budget approach for large regions (Howarth et al. 1996), and
where new net anthropogenic nitrogen inputs (net inputs = inputs) outputs)
are quantified and subtracted from outputs and compared with riverine
exports (Boyer et al. 2002). We quantify anthropogenic nitrogen inputs for the
whole country as well as for some contrasting regions that represent its largest
biomes and/or where changes are occurring at the fastest pace. New nitrogen
refers to reactive nitrogen (Nr) that is either newly fixed within or transported
into a region. New net nitrogen inputs in the budget include NOy (NOy=NOx

(NO + NO2) plus other single N species with an oxygen atom), and NHx

(NHx=NH3 plus aerosol NH4
+) (Galloway et al. 1995) from atmospheric

deposition, nitrogen from fertilizer application, biologically fixed nitrogen in
agriculture, and imports of foodstuffs.

In nitrogen budgets constructed for other large countries such as the US
(Howarth et al. 2002), it has been assumed that the N status of soils is in steady
sate and that the rate of soil-N mineralization equals the rate of nitrogen
immobilized on an annual basis, at least on a several year period. In the present
study, we also assume that soil N is in steady state. However, because min-
eralization of nitrogen occurs on such a large scale in Brazil due to defores-
tation and biomass burning in the Amazon (Williams and Melack 1997) and
central region, this assumption needs to be considered with caution because
newly mineralized nitrogen from the Amazon forest may function like a new
input from anthropogenic activity in the region, especially in aquatic ecosys-
tems.

Data sources

Nitrogen inputs from fixation in agricultural land in Brazil were estimated as
the product of the total area of land planted with major crops (i.e., soybeans,
common beans, sugarcane) and pasture associated with BNF, and the average
fixation rates available in the scientific literature for each one of these agri-
cultural land types, as described below. Land use data for soybeans, pastures,
common beans and sugarcane were obtained from the Brazilian Institute of
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Geography and Statistics, IBGE (2004). Additional data on land use area of
pastures and common beans were obtained from Boddey et al. (2003) and
Mostasso et al., (2002), respectively.

Nitrogen fertilizer inputs for Brazil were estimated from several sources,
including the Brazilian National Agency for Distribution of Fertilizers
(ANDA), the International Potash Institute (POTAFOS-Brasil), and the
International Fertilizer Industry Association (IFA). Fertilizer data from the
Food and Agriculture Organization of the United Nations (FAO) were
excluded from our budgets because their values were consistently low in com-
parison to those from all the other data sources such as ANDA, POTAFOS,
and IFA.

Except for some data on wet deposition for the Central Amazon (Lesack and
Melack 1991; Williams and Melack 1997; Filoso et al., 1999) and southeastern
Brazil (Lara et al. 2001), N deposition (NHx and NOy) in the country is
essentially unknown. Therefore deposition of N in Brazil and regions presented
here was based on model simulations for global N deposition in the early 1990s
as described in Dentener and Crutzen (1994) and Lelieveld and Dentener
(2000), and extensively used by Galloway et al. (2004), Rodhe et al. (2002),
Seitzinger et al. (2002), and Neff et al. (2002). However, in order to obtain
deposition data for Brazil, the model had to be modified to simulate deposition
in South America. Some of the uncertainties associated with using the global
model for a region of the globe are discussed in Galloway et al. (2004).

Inputs

Inputs from fixation in agriculture
Over the past 40 years, the agricultural area of Brazil has expanded over
100 million ha, at a rate of almost 3 million ha yr)1 (Figure 1). Much of this
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2002 (FAOSTAT 2004).
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expansion occurred due to increasing areas of improved or cultivated pastures
for cattle ranching but, in the past decade, the area of annual crops in Brazil
has grown at a faster rate than the area of pastures (FAOSTAT 2004). One of
the main causes for the rapid expansion of field crops in recent years has been
the growth of soybean cultivation in the country, which was partially promoted
by advances in the Brazilian soybean-breeding program that lead to the spread
of the crop from high to low latitudes and, consequently, to new land entering
production in the Brazilian Cerrado region (Alves et al. 2003; Machado et al.
2004).

Soybeans need large quantities of nitrogen for plant growth and develop-
ment, but because Brazilian soybeans are able to obtain between 70 and 85%
of the nitrogen required from biological fixation (Alves et al. 2003; Boddey
et al. 1991), nitrogen fertilizer is not commonly applied to soybean fields in
Brazil. Therefore, the only source of anthropogenic N in Brazil associated with
the growing soybean production in the country is biological nitrogen fixation
(BNF), as opposed to the U.S. and other countries of the temperate zone,
where N fertilizer is often applied in soybean fields.

On average, the productivity of soybeans harvested in Brazil is
2400 kg ha)1 yr)1 and the BNF rates range between 70 and 250 kg N ha)1 yr)1

(Alves et al. 2003). Therefore, if we assume an average rate of 170 kg N
ha)1 yr)1, the cultivation of this crop in Brazil potentially introduced about
2.5 Tg of Nr to the Brazilian and global budgets in 1995, which is equivalent to
more than 6% of the amount of nitrogen produced by BNF in agriculture
worldwide according to estimates for the mid 1990s by Galloway et al. (2004).
In 2004, with 22.9 million ha planted with soybeans in Brazil, the creation of
reactive nitrogen via fixation in agriculture potentially reached close to 4 Tg N.

Soybean cultivation is the activity most commonly associated with BNF in
agriculture in Brazil. However, two other agricultural activities in the country
have been shown to produce significant amounts of reactive nitrogen via BNF;
one is the cultivation of sugar-cane (Boddey et al. 1991; Doberheiner 1997) and
the other is the cultivation of pasture grasses. BNF in pastures can be especially
important for the nitrogen budget in Brazil because of the large extent of this
type of land use in the country. According to estimates FAOSTAT (2004),
Brazil has about 265 million ha of agricultural land, of which 197 million
consists of permanent pastures (Figure 2). Most of these pastures have been
formed in the past 30 years, when tropical forests and savannas were replaced
with exotic grasses of African origin, especially Brachiaria spp. (Boddey et al.
1997). Approximately 80 million ha of Brachiaria spp. is now planted in Brazil
(Boddey et al. 2004), and several ecotypes of Brachiaria spp. and of Panicum
maximum, another representative type of grass in the region, have been shown
to obtain between 40 and 50 kg N ha)1 yr)1 from plant-associated BNF in field
experiments (Boddey and Victoria 1986; Miranda and Boddey 1987), while
different species of Pennisetum can derive up to 165 kg N ha)1 yr)1 from BNF.
This nitrogen comes mainly from non-symbiotic associations with endophytic
bacteria or from bacteria in the rhizophere.
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Fixation rates have not been measured in pastures under grazing, but we
assume that they are relatively low (�15–30 kg N ha)1 yr)1) even under N
limitation conditions, because of limitation of P and other nutrients, as well as
because of drought periods during the dry season in regions such as the Brazilian
Cerrado where much of the pastures are situated (S. Urquiaga, personal com-
munication, EMBRAPA, Brazilian Agency of Agriculture and Pecuary).
Another factor that can limit BNF in pastures in Brazil is overgrazing (and
consequent degradation), which occurs in about 50% of this land type in the
country (Boddey et al. 2004). Therefore, if we assume that BNF is occurring at a
conservative rate of 15 kg N ha)1 yr)1 in 50% of pasture land of Brazil (except
for the Amazonwhere we use a rate of 30 kgN ha)1 yr)1 as explained below), we
can predict that pastures in Brazil potentially create about 3.4 Tg N yr)1 in the
regional budgets, which is a significant quantity at the global scale (Table 1).

The third most common type of field crop in Brazil associated with BNF is
sugar-cane, which accounts for about 5 million ha of the agricultural land of
the country. Sugarcane has been cultivated in Brazil since the 16th century
under low nitrogen fertilizer inputs, while depletion of soil-nitrogen reserves
has not been commonly observed, possibly because of inputs of biologically
fixed nitrogen by the sugarcane (Yoneyama et al. 1997; Boddey et al. 2003).
Recent field studies with 15N abundance in sugarcane fields planted with
commercial varieties have shown that BNF contributes between 0 and 60% of
plant N (Boddey et al. 1991, 2003). Sugar-cane in Brazil, commonly, accu-
mulates an average of 110 kg N ha)1 (Oliveira et al. 1999), while non-symbiotic
N fixation can contribute between 0 and 66 kg N ha)1 yr)1 (Urquiaga et al.
1992) which is 0 to 0.33 Tg N of the regional and global budgets. While these
numbers are relatively low and not significant at a large scale, BNF in sugar-
cane can be a very important constituent of nitrogen budgets at the watershed
scale where monoculture of sugar-cane is widespread, such as in the Southeast
Brazil (Filoso et al. 2003).

Figure 2. Comparison of natural and agricultural land cover areas in Brazil in 2002.
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Inputs from fertilizer use
Although much of the expansion of intensive agriculture in Brazil in the last
decade has been associated with soybean crops in the Cerrado region, other
crops such as cotton, maize, sunflower and sorgum have been expanding
together with soybeans, especially in the past few years (Machado et al. 2004).
The Cerrado is composed of highly leached, acidic soils, and have low levels of
P and N availability (Bustamante et al. 2004). Therefore, large quantities of
lime and fertilizer, including nitrogenous, are required for crops not associated
with BNF. Consequently, the agricultural expansion that has occurred in
Brazil in the past few years has been accompanied also by the growth of
nitrogen fertilizer consumption.

The consumption of nitrogen fertilizer in Brazil increased about 30 times
from 1960 to 2002 (Figure 3), from about 0.07 to about 2.5 Tg N yr)1 (ANDA
2003; POTAFOS-Brasil 2004). But one of the largest and most rapid increases
in the use of nitrogenous fertilizer in the country began in the late 1990s, which
also coincides with a period of great agricultural expansion in the Cerrado
region. According to predictions for the next few decades, the area of intensive
agricultural crop production in Brazil, not including the Amazon region
(�60% of the Brazilian territory), will expand by about 170 million ha, and
much of this is projected to take place in the Cerrado region (USDA 2003). For
the N budget in Brazil, this expansion in the nutrient-poor soils of the Cerrado
means a considerable increase of nitrogen fertilizer consumption and, possibly,
higher delivery rates of reactive N to aquatic systems.

Table 1. Nitrogen inputs in Brazil from natural and anthropogenic sources during the

pre-colonization, in 1995 and 2002.

Nr Sources Brazil Latin America North America Global

Natural 1500 1995 2002 1995 1995 1995

Natural BNF 17.1 11.6 10.9* 26.5 11.9 107

Lightning 0.5 0.5 0.5 1.4 0.2 5.4

Total 17.6 12.1 11.4 27.9 12.1 112

Anthropogenic

Fertilizer use 0 1.2 2.5 3.9 12.7 77.6

BNF in agriculture 0 3.5 7.3 5.0 6.0 31.5

Fossil fuel combustion 0 0.4 0.7 1.3 7.3 24.5

Net imports of foodstuffs 0 )0.1 )1.1 )0.9 )3.0
Total 0 5.0 9.4 9.3 23.0 134

Values for Latin America, North America and Global are adapted from Galloway et al. 2004.

Nitrogen inputs are estimated in Tg yr)1.

*Value for natural BNF in 2002 was estimated using the same data for land cover of natural

vegetation in Brazil for the mid 90s minus the amount fixed in the area lost to agricultural lands in

the Cerrado and Amazon during the period between mid 90s and 2000, according to estimates from

INPE (2004) for the Amazon, and from Machado et al. (2004) for the Cerrado.
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Inputs from atmospheric deposition
As stated above, deposition of N in Brazil presented here is based on model
simulations of global N deposition in the early 1990s described in Dentener and
Crutzen (1994) and modified for South America. According to the model sim-
ulations for the 1990s, NOy deposition in most of Brazil varies between 100 and
250 mg m)2 yr)1 (Figure 4), but along the coast on the North and Northeast
region, deposition is lower, varying between 50 and 100 mg m)2 yr)1. A few
areas with deposition rates up to 500 mg m)2 yr)1 are clearly associated with
highly urbanized and industrialized regions of the country such as São Paulo
state, in agreement with data collected in the region in the late 90s (Lara et al.
2001). Overall, assuming an intermediate deposition rate of 175 mg m)2 yr)1 for
the whole country, total deposition of NOy over Brazil amounts to 1.4 TgN yr)1

(Table 1).
Deposition of NHx in Brazil is less homogeneous than deposition of NOy,

and a strong gradient can be observed for rates between the southern and
northern regions of the country (Figure 5). The highest deposition rates have
been estimated for the South and Southeast, where intensive agricultural
activities are prevalent. In these regions, deposition of NHx varied between 500
and 2000 mg m)2 yr)1 (Figure 5), while in much of the Amazon rates were
below 100 mg m)2 yr)1. The modeled values fall in the range of the few
available measurements of deposition of NH4 in the Amazon and São Paulo
state. We assumed an average deposition rate of 250 mg m)2 yr)1 for the
whole country and estimated that the total deposition of NHx is on the order of

Figure 3. Consumption of nitrogen fertilizer along a period of 40 years in Brazil (Source:

SIACES/POTAFOS-Brasil 2003; ANDA 2003).
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2.1 Tg N yr)1, compared to 4.4 Tg N yr)1 for South America and 56.7 Tg N
yr)1 globally (Galloway et al. 2004).

By performing a marked tracer experiment, as described in Lelieveld and
Dentener (2000) and Marufu et al. (2000), the origin of these depositions was
estimated in relative proportions, and showed that fossil fuel combustion
contributed between 20 and 50% of the NOy emissions along the eastern
portion of Brazil, from North to South, while in the central region (Cerrado)
and the Amazon basin fossil fuel emissions contributed less than 20% of the
total NOx inputs (Figure 6). These estimates are in accordance with population
densities in Brazil, which are the highest along the coastal region and the lowest
in the Amazon basin. Natural soil emissions contribute the largest percentage
of NOy deposition in the Amazon basin, while biomass burning emissions are
becoming increasingly important. In the central region, biomass burning
contributes up to 70% of the NOy deposition probably because of natural and
anthropogenic fires that occur mainly in the dry season.

The association of relatively high rates of NOx emission from fossil fuel with
more densely populated areas of the country is partly due to the fact that NOx

emissions in Brazil originate mainly from petroleum products used in on-road
vehicles (Figure 7). The consumption of fossil fuel for production of electric

Figure 4. Modeled NOy deposition in Brazil in the mid 90s. Results were generated by the TM3

global chemistry-transport model of the University of Utrecht on a 5� by 3.75� grid.
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energy is negligible. Moreover, emissions from coal burning are insignificant
since most of the electrical energy produced in the country comes from
hydroelectric power plants.

Anthropogenic sources of NHx emissions estimated by the model include
fertilizer application and animal waste, and together are responsible for
70–90% of the deposition along the eastern portion of the country. In the
central and western regions, including the Amazon basin and the central-west,
anthropogenic sources contribute, on average, about 30 to 40% of the NHx

deposition (Figure 8a), while emissions from biomass burning are dominant
(Figure 8b). Some of the biomass burning is caused by natural fires, especially
in the central region of Brazil (Pinto et al. 2002). However, most of the biomass
burning is associated with anthropogenic activities such as deforestation and
pasture management practices and lead to high amounts of mineralized N in
the ecosystems.

Since part of the NHx deposited in Brazil originates from fertilizer, cattle
manure, and biomass burning of agricultural fields such as sugar cane, or even
from volatilization of NH3 from senescing sugar cane plants, it is likely that

Figure 5. Modeled NHx deposition in Brazil in the mid 90s. Results were generated by the TM3

global chemistry-transport model of the University of Utrecht on a 5� by 3.75� grid.
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Figure 6. Modeled relative deposition of NOx in Brazil from fossil fuel emissions in the mid 90s.

Results were generated by the TM3 global chemistry-transport model of the University of Utrecht

on a 5� by 3.75� grid.
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some of the N in NHx deposition may be double counted in the budget. This
might also be true for NOy if some of it comes from the burning of improved
pastures which fix N. However, atmospheric deposition contributes small
amounts of N to the total budget and, therefore, errors generated from
uncertainties associated with N deposition data should be minor.

Outputs

Exports of N in food and feed
Brazil has the largest economy in Latin America, a population of over
174 million people increasing at 1.38% per year, and a consequent positive
influence on the demand for food. Overall, most food and feed consumed in
Brazil originate in the country itself, although Brazil imports some products
such as cereals, oil seeds, some fruits, fish and seafood, and milling products
like malt, starch and wheat gluten (Agriculture and Agri-food Canada 2004).
Because the amount of these imported products to Brazil is relatively small
(FAOSTAT 2004) and/or their N contents low (Smil et al. 1999), the amount
of N imported with these food products is unimportant (Table 2).

Table 2. Import and export of N in Brazil in foodstuffs for 2002.

N import Tg yr)1 N export Tg yr)1 Source

Cereals 0.136 0.01 Smil 1999

Starchy roots 0.001 0.0004 Smil 1999

Sugar & sweets 0.000 0.043 Smil 1999

Beans 0.006 0.001 Smil 1999

Treenuts (forage) 0.000 0.000 Smil 1999

Soybeans 0.072 1.099 Alves et al., 2003

Veg/fruits 0.001 0.023 Smil 1999

Coffee 0.013 0.070 Smil 1999

Beef 0.000 0.028 Boddey et al. 2004

Pig meat 0.002 0.017 Smil 1999

Poultry meat 0.000 0.069 Smil 1999

Fish/seafood 0.00 0.00 Smil 1999

Milk 0.002 0.001 http://www.leco.org

Forage 0.005 0.00 Smil 1999

Total 0.24 1.36

Note: Values of N exported and imported in Brazil through the different food types listed have been

indirectly estimated from the sources cited.

Figure 8. (a) Relative importance of NHx deposition in Brazil from anthropogenic sources based

on the TM3 global chemistry model-simulated results. (b) Relative importance of biomass burning

in the deposition of NOx in Brazil in the mid 90s. Results are based on simulated values produced

by the TM3 global chemistry model.

b
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In contrast, a significant amount of N in agri-food products produced in
Brazil is exported to foreign countries, especially to the Netherlands, USA,
Russia, Germany and China (Agriculture and Agri-food Canada 2004). The
main products exported are soybeans, soybean oil, sugars, fruits, meat, and
coffee (FAOSTAT 2004) and the N exported with these products is approxi-
mately 1.36 Tg N yr)1 (Table 2). Therefore, the net import of N to Brazil from
food and feed is negative (Table 1).

Between 1995 and 2002, the net export of N in foodstuffs from Brazil
increased about one order of magnitude, from about 0.1 to 1.1 Tg N yr)1

(Figure 9). This increase was caused mainly by growing exports of soybeans,
while importation of cereals, the largest imported food product in Brazil,
remained quite constant throughout the years.

Export of N in wood and other products
The most important forest (wood) products exported in Brazil in terms of
quantity are sawnwood and chips/particles, with approximately 2 · 106 m3

exported annually between 1995 and 2002 (FAOSTAT 2004). Most of the
exported material is produced in the Amazon basin, where about 4.5 · 106 m3

of wood is extracted annually. Assuming that logging in the Amazon basin
averages 25–30 m3 ha)1 (Keller et al. 2004), and that the export of N from
selective logging is on the order of 200 kg ha)1 (Martinelli et al. 2000), we
estimate that N export from Brazil in wood products is about 0.36 Gg. In
comparison to foodstuffs, the export of N in wood products is significant for

Figure 9. Net export of N from Brazil in foodstuffs in 1995, 1997, 2000, and 2002.
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the country as a whole. However, such losses can be significant on a regional
scale in the Amazon basin, especially because it is a cumulative loss.

In the South and Southeastern Brazil, the production of wood, mainly from
silviculture, is also considerable but the wood produced there is mostly used in
the Brazilian industry of paper and cellulose and consumed within Brazil
(FAOSTAT 2004). Therefore, we consider that the N export in wood products
from other regions of Brazil besides the Amazon is not significant.

Riverine export of Nr to Atlantic Ocean
Annually, world rivers discharge an average of 42 · 103 km3 of freshwater into
oceans (ANA 2004). Rivers in Brazil contribute about 20% of the global
discharge, mainly because of the Amazon River, which supplies an average of
6.5 · 103 km3 yr)1 of water to the Atlantic Ocean, and makes Brazil the
country with the largest volume of freshwater discharged into oceans
(�8.2 · 103 km3 yr)1) (AQUASTAT 2004; ANA 2004). Other major Brazilian
watersheds, according to the Brazilian Water Agency (ANA) are the Tocan-
tins, North and Northeast Atlantic, Parnaı́ba, São Francisco, East Atlantic,
Paraguay, Paraná, Uruguay, and South and Southeast Atlantic (Figure 10);
they range in size from 178 to 1029 km2 and generate 41 to 372 km3 of water
annually within Brazil (ANA 2004).

Although Brazil has such an abundance of water resources, more than 73%
of the freshwater available in the country is located in the Amazon basin,
where it is used by less than 5% of the population (ANA 2004). The remaining

1 - Amazon
2 -Tocantins
3 - Parnaiba
4 - North Atl
5 - North Atl
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7 - NE Atlantic
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Figure 10. Map of Brazil with the delineation of the major river basins in the country (ANA

2004).
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27% of the water available is produced in the 11 other major watersheds, and
used by 95% of the country’s population (ANA 2004) for water supply,
agriculture, industry and production of hydroelectric power.

Because of its high water volume, the Amazon River is the single largest
source of nitrogen to the Brazilian coast, transferring approximately 3 Tg N
yr)1 from land to ocean annually (Table 3), with 0.96 Tg N yr)1 in dissolved
inorganic form. The Amazon basin is still considered pristine, but increasing
deforestation and agriculture expansion in the region are likely to cause major
impacts on the N-cycle and maybe increase nitrogen transport into aquatic
systems (Downing et al. 1999). The Tocantins River watershed is another
important drainage system in the Amazon region, with a drainage area of
767,000 km2 and annual mean discharge of 11,000 m3 s)1 (Costa et al. 2003).
However, the export of nitrogen in this river is approximately 0.3 Tg N yr)1, or
only 10% of that of the Amazon River, based on estimates presented in
Howarth et al. (1996) (Table 3).

The Paraná watershed is the second largest drainage system in Brazil and
accounts for 75% of the water discharge at the mouth of the Rio de la Plata.
Although only about half of the Paraná River watershed is situated in Brazil,
the Brazilian portion drains a region that is densely populated, has vast areas
of intensive agriculture, and is highly industrialized. Human impacts in this
part of the watershed have severely altered the nutrient dynamics in the entire
Paraná River (Bonetto et al. 1991), including the deposition of phosphorus (P)
and suspended sediments promoted by man-made reservoirs in the basin, the
concomitant decrease in P concentrations coupled with P limitation (Bonetto
et al. 1991; Villar et al. 1998), and the increase of N export in the past few
decades (Bonetto et al. 1991). Pedrozo and Bonetto (1989) have claimed fer-
tilizer inputs contribute the greatest share of nitrogen inputs into the Paraná
basin, although only a small percentage of the inputs are accounted for in the
riverine export at a sampling station located approximately 350 km below
Iguaçu Falls (Bonetto et al. 1991). At this point in the main stem of the Paraná
River, export rates of inorganic N average 188 kg N km)2 yr)1, or 0.49 Tg N
yr)1 (Table 3), and concentrations range between 0.06 and 1.4 mg l)1, with
nitrate accounting for 74% of the pool (Bonetto et al. 1991). Closer to the
border of Brazil with Paraguay and Argentina, DIN concentrations are on the
order of 0.4 mg N l)1 (Bonetto et al. 1991), which would result in the export of

Table 3. Nitrogen export in major rivers in Tg yr)1.

DIN TN Data source

Amazon 0.96 3.0 Lewis et al. (1999)

Tocantins/Araguaia 0.3 Howarth et al. (1996)

Paraná 0.14 0.21 Bonetto et al. (1991)

Paraguay 0.03 Lewis et al. (1999)

TOTAL 3.54

DIN – dissolved inorganic N, and TN – total N.
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about 0.14 Tg DIN yr)1. No data are available for TN concentrations in the
Paraná River at the border of Brazil, but if we assume that the export of DIN
in tropical rivers is roughly about two-thirds that of TN, according to the data
presented in Lewis et al. (1999), then we can estimate that the export of N in
the Parana River at the Brazilian border is approximately 0.21 Tg N yr)1.

The Paraguay River drains about 140,000 km2 of the great Pantanal wetland
in Brazil, and has a wide surface of floodplains which are inundated during
flood periods and undergo anoxia, promoting N losses by denitrification
(Bonetto et al. 1991). Therefore, N limitation has been commonly observed in
the Paraguay River (Bonetto et al. 1991; Villar et al. 1998), and the riverine N
exports in Brazil are not likely to amount to more than about 0.03 Tg N yr)1

(Lewis et al. 1999).
The export of nitrogen in the remaining major watersheds in Brazil is not

presented here because of unavailability of N concentration data for most
rivers. Discharge data are widely available for Brazilian rivers as they are
commonly monitored for their high potential for hydroelectric energy pro-
duction in the country. However, water quality monitoring has been limited to
a few rivers, mostly in the state of São Paulo, where water pollution has
become a major issue.

Even without a complete estimate of the total amount of nitrogen that is
exported from Brazil in all rivers both discharging into the Atlantic Ocean or
flowing to neighboring countries, we speculate that the total riverine nitrogen
export in Brazil is not likely to differ widely from the combined value for the
Amazon, Paraná, Paraguay and Tocantins rivers (Table 3), because these
rivers account for most of the water discharge in the country. Therefore, we
estimate that the total riverine export of nitrogen in Brazil approximates 3.5 Tg
N yr)1 (Table 3), which is 42% or more of the total N inputs in the country
from anthropogenic sources (Table 1). The percent export of N in Brazil is
higher than those observed for countries of the temperate zone probably
because of the naturally high water flux rates observed in the Amazon River.

Nitrogen inputs vs. outputs in Brazil

Overall, we estimate that net inputs of anthropogenic N to Brazil in 2002 were
9.4 Tg, which is an increase of 4.4 Tg N since 1995 (Table 1). In contrast to
what is observed for North America and globally, the main source of the new
N inputs in Brazil is BNF in agriculture, which has more than doubled since
1995 (Table 1) especially because of the expansion of soybean cultivation
(Figure 11). In 2004, the area planted with soybeans in Brazil was estimated at
over 21 million ha (IBGE 2004), or about 2.7 million ha more than in 2002,
that translates to an additional 0.46 Tg N in 2 years, assuming conservative
rates of fixation.

We speculate that the importance of BNF in agriculture in Brazil is likely
to increase in the future not only because of further expansion of soybean
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cultivation, but also because of the expansion of area planted with sugarcane
for the production of ethanol, which Brazil plans to export in the next few
years. Moreover, new technology and management strategies are now being
developed in Brazil to improve rates of BNF in pastures (S. Urquiaga, personal
communication 2004).

Besides BNF in agriculture, the use of nitrogen fertilizer in Brazil has more
than doubled between 1995 and 2002 (Table 1), and is the second largest source
of anthropogenic Nr in Brazil. Yet, the total amount of the fertilizer that is
used presently in the country is about one-fifth of the amount used in North
America, and is only a minor fraction of the global consumption (Table 1).
The relatively low use of N fertilizer in Brazil is associated with high costs of
the product in the country, which is mostly imported (�70%). However, as
prices of fertilizer increase, roads improve, and agriculture intensifies in Brazil,
the consumption of N fertilizer will tend to increase considerably, as has been
the trend observed in the country over the past decade (Figure 3).

Energy production contributes a relative small amount of anthropogenic N
in Brazil (Table 1) and has contributed little in the Nr budgets. However,
because about 95% of the NOx emissions in Brazil associated with energy
production is related to the combustion of oil and derivatives for on-road
vehicles, emissions are likely to increase with the number of vehicles increase
(Figure 12).

Since the pre-industrial era, inputs of Nr from anthropogenic sources in
Brazil have increased significantly but, according to our estimates for 2002,
natural sources are still dominant, contributing approximately 11.4 Tg N yr)1

from both BNF in natural vegetation, and lightning (Table 1). The inputs from
natural sources have been estimated using biological N fixation rates from the
scientific literature for different types of natural vegetation in the tropics
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Figure 11. Area planted with soybeans in Brazil in the period between 1960 and 2003. Source:

IBGE (Brazilian Institute of Geography and Statistics).
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(Cleveland et al. 1999) and model simulations of N deposition from lightning
in South America in the early 1990s (Dentener and Crutzen 1994; Lelieveld and
Dentener 2000). Therefore, these values are an approximation and should be
interpreted with caution.

The values of BNF in the Amazon forest, for instance, were calculated based
on the assumption that 70% of the basin soils are highly weathered Ultisols and
Oxisols (Martinelli et al. 1999), and therefore should have BNF rates, based on
5% average cover of symbiotic N fixing vegetation (Cleveland et al. 1999)
(Table 4). For the remaining 30% of the basin with richer soils, fixation rates
were assumed to be higher and based on 15% cover of symbiotic N fixers
(Cleveland et al., 1999). The other values used for estimation of BNF in dif-
ferent biomes of Brazil were multiplied by the estimated area of natural veg-
etation in each biome (Table 4).

Because much of the new anthropogenic N inputs in Brazil are associated
with land use change and the expansion of agricultural area, there is a con-

Table 4. Natural N fixation rates in main Brazilian biomes based on values from Cleveland et al.

(1999). Fixation rates used for 70% and 30% of the Amazon basin were 14.7 and 25.8, respectively.

Biome N fixation rate

Amazonia (Rainforest) 14.7 or 25.4

Cerrado (Tropical savanna) 30.2

Caatinga (Xeromorphic forest) 9.4

Atlantic forest (Tropical deciduous forest) 21.6

Araucaria (Tropical evergreen forest) 15.0

Pantanal (Tropical non-forest floodplain) 28.5

Campos (Short grassland) 2.7

Values are in Kg ha)1 yr)1.
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comitant loss of natural vegetation in the country and consequent reduction of
natural inputs of N from BNF. For instance, we estimated that under pristine
conditions, BNF in natural vegetation contributed 17.1 Tg N yr)1 to the N
budget in Brazil and that presently, because of a reduction in area, this con-
tribution is approximately 11.4 Tg N yr)1. Therefore, while net N inputs from
anthropogenic sources increased about 9.4 Tg N yr)1 since the period when
Brazil vegetation was pristine, there was a decrease of 5.7 Tg N yr)1 from
natural biological fixation. Therefore, anthropogenic inputs of N in Brazil have
actually increased the overall N budget by only about 3.7 Tg yr)1. This is a
relatively small number in comparison to the total inputs in the country, and is
probably within the margin of error because the fixation rates can vary sig-
nificantly depending on the assumed density of N fixers in the different biomes
in Brazil (Cleveland et al. 1999) and on the fixation rates in soybeans (ranging
from 70 to 250 kg ha)1 yr)1) and pastures (averaging 15–30 kg ha)1 yr)1).
However, we can conclude that the N cycle in Brazil is increasingly controlled
by anthropogenic activities and less controlled by natural processes. In dif-
ferent regions of Brazil, however, the importance of a natural versus an an-
thropogenically controlled N cycle becomes a much more prominent issue,
especially because of the uneven distribution of the human population
throughout the country and the intensity of agriculture in the different regions.
Therefore, in order to assess this variability in Brazil, below we discuss some
preliminary estimates of the major Nr sources in contrasting regions of Brazil,
including the Amazon, the Cerrado, and the Southeast during the late 1990s
and early 2000s.

Three contrasting regions in Brazil (Amazon, Cerrado and southeast)

The Amazon basin represents a relatively pristine region of Brazil and occupies
close to 60% of the Brazilian territory, while the Brazilian Cerrado encom-
passes more than 20% of the country area and has vast areas of pastures and
natural vegetation which are being converted to high-intensity agriculture. The
Southeast region is the most developed part of Brazil and also one of the first
areas to go through the process of land use changes, urbanization and indus-
trialization.

The total area of the legal Amazon basin is over 6.3 million km2, with about
5 million km2 of continuous tropical forest extending to portions of eight
countries, including 47.1% of the Brazilian territory. In Brazil, the Amazon
basin extends for approximately 5 million ha, most of which is forested and
tropical savanna landscapes, while land undergoing first stages of development
(i.e., pastures and low intensity agriculture) are the second most dominant land
use. The representation of more advanced stages of development in the basin,
including high intensity agriculture and urbanization, is still relatively small
but growing steadily in the southwestern region. Deforestation rates in the
Brazilian Amazon averaged nearly 2 Mha yr)1 in the past 25 years
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(INPE, 2000), and large-scale cattle ranches appear to be responsible for �70%
of all forest loss (Fearnside 2005). Fire is the most prevalent type of agricul-
tural management in the region, especially for cattle ranching and slash-and-
burn farming (Nepstad et al., 1999).

The Cerrado is an extensive phytogeographic zone located in the central
portion of Brazil, covering over 200 Mha or 20% of the Brazilian territory
(Ratter et al. 1997). This phytogeographic zone is located entirely within Brazil
(Figure 13), extending from just south of the equator to south of the Tropic of
Capricorn. Longitudinally, the Cerrado extends from east of the Tocantins
River basin to the border of Brazil with Bolivia and Paraguay. The region
includes a wide variety of vegetation types ranging from native grasslands to
dense arboreal formations and dendritic forests that follow courses of water
(Ratter et al. 1997). The three primary structural types of plant communities in
the Cerrado include medium to tall woodlands with closed or semi-closed
canopies (cerradão), savanna woodland or low trees and shrubs (cerrado sensu
stricto), and open savanna with scattered trees or shrubs (campo sujo) (Pinto
et al. 2002). One of the main characteristics of the Cerrado is that it is situated
over a plateau and, therefore, it has vast areas (�127 Mha) of gentle topog-
raphy suitable for mechanized agriculture. In the last 35 years, the Cerrado has
lost over 40% of its native vegetation (Machado et al. 2004) due to the
enormous advances in the agricultural frontier and the expansion of soybean
plantations in the region (FAOSTAT 2004). Yet, the Brazilian Ministry of

Figure 13. Map of Brazil with the delineation of the major biomes in the country. Area shaded

corresponds to the state of São Paulo. Source: WWF (http://www.wwf.org).
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Agriculture estimates that Brazil’s potential for agricultural expansion is about
90 million hectares (USDA 2003), and that most of the expansion is likely to
occur in the Cerrado in the coming decades. These impacts are likely to have
major ecological consequences for many of the major rivers with headwaters in
the Cerrado region, such as the Paraná, São Francisco, Tocantins, and Ara-
guaia.

Also, as in other tropical savannas, natural fires are a common feature of the
Cerrado. Most savanna ecosystems are burned every 1–4 years during the dry
season, with the highest frequency in the humid savannas (Nardoto and
Bustamante 2003). Fires in the Cerrado have been occurring for thousands of
years, but because of land use changes and agricultural management practices
common in the region, they are becoming increasingly more frequent, and
changing the grass/wood biomass ratio (Coutinho 1990).

The southeastern region of Brazil, here represented by the state of São Paulo
because of data availability, has the most advanced stages of development in
the Southern Hemisphere, with intensive agriculture, and high industry and
population densities. The region also includes several dams constructed for
hydroelectric power, which commonly characterizes development in the tropics
(Downing et al. 1999). In terms of land use, the southeastern region is also the
most diverse in terms of stages of development, especially because of the long-
term history of deforestation, agriculture, and industrialization processes
which started during the 17th century in São Paulo with deforestation followed
by cultivation of coffee and sugar-cane (Martinelli et al. 2000).

Anthropogenic N sources in the Amazon, Cerrado and São Paulo

Our estimates show that BNF in agriculture is the largest source of anthro-
pogenic N in all three regions (Table 5). In the Amazon, N inputs from BNF in
agricultural systems are dominant mainly because of N fixation in actively
grazed cattle pastures which cover an estimated area of 25 million ha (Bernoux
et al. 2001; Müeller et al. 2004) and create approximately 0.75 Tg N yr)1 to the
region. Soybean plantations, on the other hand, cover only about of 73,000 ha
of the Amazon (Müeller and Bustamante 2002) and contribute to an estimated
0.01 Tg N yr)1 to the total budget. Inputs from BNF in actively grazed cattle
pastures of the Amazon are also high because water stress is not as prevalent as

Table 5. Anthropogenic N sources in the Amazon, Cerrado and São Paulo State in Tg yr)1.

Amazon Cerrado S. Paulo

Lightning 0.26 0.12 0.01

BNF 7.5 1.74 0.05

Fertilizer 0.14 0.51 0.30

BNF-ag. 0.92 2.5 0.36

Atm. deposition 0.07 0.08 0.06
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in pastures of other major regions of Brazil such as the Cerrado. Therefore,
fixation rates average about 30 kg ha)1 yr)1 (S. Urquiaga, personal
communication, 2004), in contrast to 15 kg ha)1 yr)1 assumed for the other
regions.

Since fixation rates in active cattle pastures of the Amazon are comparable
to those of the rainforest (Table 4), the new inputs of N in the region through
BNF in pasture land are not likely to affect N fluxes in the ecosystems on a
large scale. However, as soybean plantations expand further into the Amazon,
rates of N inputs from anthropogenic sources will far exceed natural inputs
(Table 6) and potentially increase delivery rates of N to aquatic systems. This,
however, will depend on whether or not N from BNF in soybeans accumulates
in the soil over time. Soybeans are generally very efficient at utilizing available
N in the soil before investing in N fixation (Peoples et al. 1995; Alves et al.
2003). Consequently, it is possible that soybean production in the Amazon will
lead to the depletion of N from the soil rather than accumulation.

In the Cerrado, inputs of agricultural BNF are mostly from soybean culti-
vation. In 2002, the Cerrado had approximately 10 million ha of soybean fields,
with fixation rates as high as 250 kg ha)1 yr)1 (Alves et al. 2003). Using a
conservative rate of 170 kg ha)1 yr)1, we estimated that soybeans added at least
1.7 Tg N to the CerradoN budget in 2002. However, as most of this newly fixed
N, and potentially some soil N, is exported from the region with harvested
soybeans, the net input of N in the Cerrado is much lower than the gross input.

Fixation rates in Cerrado pastures (�15 kg ha)1 yr)1, S. Urquiaga, personal
communication, 2004) are lower than those of soybeans while the export of N
from the region in cattle meat should be on the order of 9 kg ha)1 yr)1 in
pastures grazed by 2–4 beef cattle ha)1 (Boddey et al. 2004). Therefore, well-
managed pastures could potentially lead to N accumulation in the Cerrado,
except that significant quantities of N can be lost from Brachiaria pastures in
Brazil from animal excreta through volatilization, denitrification or leaching
(Boddey et al. 2004). Losses from animal excreta increase with the number of
grazing animal per hectare, and when these losses surpass the potential rates of
BNF in pasture they can actually yield to a depletion of N from pastures in the
Cerrado. In addition, given that the natural vegetation of the Cerrado can fix,
on average, about 30 kg ha)1 yr)1 (Cleveland et al. 1999) (Table 4), the
replacement of natural vegetation in the Cerrado with cattle ranching can lead
to increasing N deficiency in the region’s ecosystems.

Table 6. Anthropogenic N sources in the Amazon, Cerrado and São Paulo State in kg km)2 yr)1.

Amazon Cerrado S. Paulo

Lightning 74 59 40

BNF 2142 853 201

Fertilizer 40 250 1210

BNF-ag. 263 1225 1452

Atm. deposition 20 39 246
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In São Paulo state, where advanced stages of development such as urbani-
zation, industrialization, and intensive agriculture are prevalent, estimated
agricultural BNF is the largest input, but is not significantly different from
inputs from fertilizer. According to our budget, these two sources combined
contributed 0.66 Tg yr)1 or over 80% of all the inputs (Table 5), with about
0.08 Tg N yr)1 originating from biological fixation in 2.3 Mha of sugarcane
plantations, 0.15 Tg N yr)1 from 10.3 Mha of cattle pastures, and 0.13 Tg N
yr)1 from 0.74 Mha of soybeans. With a population of about 37 million people
in 2000 (SIDRA/IBGE 2004) and an estimated consumption of N in food on
the order of 0.15 Tg, assuming a per capita consumption of 4 kg N yr)1, we
predict that significant amounts of the N inputs from fertilizer and BNF in
agriculture are not exported with foodstuffs from the state and are likely to be
transferred to rivers and other aquatic systems with sewage discharges (Filoso
et al. 2003). However, because the state of São Paulo exports much of its
agricultural products to other parts of Brazil, the net input of N from
anthropogenic sources in São Paulo should be considerably lower than gross
inputs. Unfortunately, lack of data on imports and exports of agricultural
products among the different states and territories in Brazil makes it difficult to
estimate net N inputs more accurately for individual regions.

Among all of the anthropogenic N sources in the three comparison regions,
atmospheric deposition was the least important (Table 5). Results from the
model simulations for atmospheric N deposition in South America predicted
that N inputs from the atmosphere can be significant in the overall budget of
Brazil (5 to 12.5 kg ha)1 yr)1), or in pristine regions such as the Amazon
because of natural soil emissions and biomass burning. However, when emis-
sions from fossil fuel are considered the only new source of N in the regions,
the importance of atmospheric deposition inputs are reduced significantly,
especially in the Amazon and Cerrado, where population densities average
about 1 and 5 people km)2, respectively (SIDRA/IBGE 2004). In São Paulo,
where population density is about 150 people km)2, the relative contribution of
atmospheric deposition is considerably higher because fossil fuel emissions are
substantial.

When comparing N inputs in the Amazon, Cerrado and São Paulo on a per
area basis, we observe that the highest N input rates from anthropogenic
sources occur in São Paulo (Table 6), probably because more than 90% of the
territory in the state has been converted to agricultural or urban lands in the
past few centuries. In the Cerrado, inputs of N from BNF in agricultural
systems are about seven times higher than those in the state of São Paulo
(Table 5), but rates on a per area basis are significantly lower because of the
vast area of natural vegetation (�60%, IBGE 2004) that still covers the region.
However, with the fast expansion of soybean cultivation in the Cerrado, and
also with improving pasture management practices, rates of BNF in agriculture
are likely to surpass those of the Southeast region of Brazil in the near future.
Moreover, agriculture in the Cerrado is increasingly less associated with the
monoculture of soybeans, and more with a diversity of crops including corn
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and cotton (Machado et al. 2004). Therefore, rates of N fertilizer use are also
likely to grow following the trend observed for the country in general. Higher
input rates of N fertilizer in the Cerrado, however, would have a much higher
impact on the total N budget of Brazil because of the size of the region.
Presently, total inputs of N from fertilizer use in the Cerrado are already higher
than in São Paulo (Table 5), even though rates per area are lower. The same
pattern is observed for inputs of N through BNF in agriculture.

Considering all the sources of N accounted for in the different regions of
Brazil, the highest rates were estimated for natural BNF in the Amazon basin
(Table 6), which is reflected in the total N budget for Brazil (Table 1) because
of the vast area of the region. However, as land use change alters the N cycle in
the Amazon, the importance of natural BNF in the overall budget will tend to
decrease, while biological fixation of N is likely to remain the dominant
mechanism for the creation of new N in Brazil. This is not just because of the
potential expansion of soybean plantations and well managed pastures, but
also because of the expansion of secondary forests in the Amazon. In tropical
humid forests, BNF tends to be higher in young and secondary forest stands
than in older stands in primary forests (Martinelli et al. 1999), indicating that
the increasing area of secondary forests in the Amazon may be contributing to
the increase of anthropogenic nitrogen inputs to the global budget (Galloway
et al. 2004).

Conclusions

Although the alteration of the N cycle by human activities have been mainly
associated with the temperate zone, especially Europe and the US, our eval-
uation of Nr inputs and outputs in Brazil presented in this paper suggests that
the N cycle in developing regions of the tropics is increasingly less controlled by
natural processes and more by human activities. Natural biological N fixation
is still the main source of N in Brazil, but anthropogenic inputs are practically
equivalent. In contrast to developed regions of the temperate zone, most of the
newly created N originates from BNF in agricultural systems such as soybean
crops and pastures, not from nitrogenous fertilizers or fossil fuel combustion.
However, in regions of Brazil such as the southeast, which are undergoing
more advanced stages of development, inputs of N from fertilizer application
and combustion of fossil fuel are relatively high. In more pristine regions such
as the Amazon, rates of N inputs from anthropogenic sources are still small,
but the overall inputs are considerable because of the relatively large area of
the region in Brazil (�40% of the overall territory). In the Brazilian Cerrado,
which is the second largest biome of Brazil, the impact of anthropogenic
activities on the N cycle is already visible on the N budget for Brazil and Latin
America in general.

Except for N inputs from inorganic fertilizer, however, the estimates of N
flows presented in this paper indicate general patterns and trends that are
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occurring to the N cycle in Brazil and regions, and should not be interpreted as
absolute values. In many cases, such as the N inputs from BNF in soybeans,
the real fluxes may be higher than the average estimates. In other cases, such as
inputs from BNF in sugarcane, fluxes may be lower than estimated. Yet, the
present study provides the first overview of the factors contributing to the
changing N cycling in Brazil and other developing regions of the tropics, which
should be helpful in outlining the priorities for improving our understanding of
the effects of human activities on the N cycle in this part of the world. For
instance, we now know that Nr inputs through BNF in cultivated pastures of
the Amazon are potentially a major source of newly fixed N to the local and
global budgets, so improved estimates that include field measurements of BNF
rates and long-term monitoring of land use are necessary for improving the
budgets. Challenges related to data availability and quality are not only unique
to Brazil, and should be considered as a major priority for the advancement of
our understanding of the impacts of human activities on the N cycle at the
global scale.
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Universidad Católica de Valparaı́so, Valparaiso, Chile, pp. 189–205.

Cleveland C.C., Townsend A.R., Schimel D.S., Fisher H., Howarth R.W., Hedin L.O., Perakis

S.S., Latty E.F., Von Fischer J.C., Elseroad A. and Wasson M.F. 1999. Global patterns of

terrestrial biological nitrogen (N2) fixation in natural ecosystems. Global Biogeochem. Cycles 13:

623–645.

Costa M.H., Botta A. and Cardille J.A. 2003. Effects of large-scale changes in land cover on the

discharge of the Tocantins River, Southeastern Amazonia. J. Hydrol. 283: 206–217.

Dentener F.J. and Crutzen P.J. 1994. A three-dimentional model of the global ammonia cycle.

J. Atmos. Chem. 19: 331–369.

Dobereiner J. 1997. Biological nitrogen fixation in the tropics: social and economic contributions.

Soil Biol. Biochem. 29: 771–774.

Downing J.A., McClain M., Twilley R., Melack J.M., Elser J., Rabalais N., Lewis W.M., Turner

R.E., Corredor J., Soto D., Yanez-Aranciba A., Kopaska J.A. and Howarth R.W. 1999. The

impact of accelerating land-use change on the N cycle of tropical aquatic ecosystems: current

conditions and projected changes. Biogeochemistry 46: 109–148.

EMBRAPA. 2002. Brazilian Agency of Agriculture and Pecuary.

FAOSTAT. 2004. Food and Agriculture Organization of the United Nations, Statistical Databases

[online] URL: http://www.apps.fao.org/.

Fearnside P.M. 2005. Deforestation in Brazilian Amazonia: history, rates and consequences.

Conservation Biology 19: 680–688.

Filoso S., Williams M.R. and Melack J.M. 1999. Composition and deposition of throughfall in a

flooded forest archipelago (Negro River, Brazil). Biogeochemistry 45: 169–195.

Filoso S., Martinelli L.A., Williams M.R., Lara L.B., Krusche A., Ballester M.V., Victoria R.L.

and Camargo P.B. 2003. Land use and nitrogen export in the Piracicaba River basin, Southeast

Brazil. Biogeochemistry 65: 275–294.

Galloway J.N., Dentener F.J., Capone D.G., Boyer E.W., Howarth R.W., Seitzinger S.P., Asner

G.P., Cleveland C., Green P., Holland E., Karl D.M., Michaels A.F., Porter J.H., Townsend A.
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Steininger M. 2004. Estimativas de perda da área do Cerrado brasileiro. Relatório Técnico.
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Rondônia, Brazil. Biotropica 32: 597–613.

Marufu L., Dentener F., Lelieveld J. Andreae M.O. and Helas G. 2000. Photochemistry of the

African troposphere: the influence of biomass burning emissions. J. Geophys. Res. 105: 14513–

14530.

Matson P.A., McDowell W.H., Townsend A.R. and Vitousek P.M. 1999. The globalization of N

deposition: Ecosystem consequences in tropical environments. Biogeochemistry 46: 67–83.

Matson P.A., Lohse K.A. and Hall S.J. 2002. The globalization of nitrogen deposition: conse-

quences for terrestrial ecosystems. Ambio 31: 113–119.

Melillo J.M., Steudler P.A., Feigl B.J., Neill C., Garcia D., Piccolo M.C., Cerri C.C. and Tian H.

2001. Nitrous oxide emissions from forests and pastures of various ages in the Brazilian Amazon.

J. Geophys. Res. Atmos. 106: 34179–34188.

Miranda C.H.B. and Boddey R.M. 1987. Estimation of biological nitrogen fixation with 11

ecotypes of Panicum maximum grown in nitrogen-15 labeled soil. Agron. J. 79: 558–563.

Mostasso L., Mostasso F.L., Dias B.G., Vargas M.T. and Hungria H. 2002. Selection of bean

(Phseoulus vulgaris L.) rhizobial strans for the Brazilian Cerrados. Field Crops Res. 73: 121–132.
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Abstract. The alteration of the nitrogen (N) cycle by human activities is widespread and has often

resulted in increased flows of nitrogen to the marine environment. In this paper we have attempted

to know the changes of N fluxes in Cuba by quantifying the N inputs to the landscape from (1)

fertilizer applications, (2) atmospheric deposition, (3) biological nitrogen fixation and (4) net

import of food and feeds. N-inputs to the country progressively increased until the end of the 20th

century, reaching a peak during the 80s when low cost fertilizer imported from the former Soviet

Union led to heavy rates of application. This rapid growth represented more than a 5-fold increase

with respect to pristine values; higher than the two-fold global increase of anthropogenic N

reported by Vitousek et al. (1997 Human alteration of the global nitrogen cycle: sources and

consequences. Ecol. Appl. 7:737–750). Inorganic fertilizer was the largest single source of reactive

N, followed by atmospheric deposition, biological fixation, and net imports of foods and feed-

stocks. Nitrogen inputs peaked in 1987 and data expressed on an area basis show that N flux to the

Cuban landscape, in the 80s, was one of the highest reported in the literature. During the 90s, there

was a dramatic drop in nitrogen inputs mainly associated to a decrease in the use of inorganic

fertilizer. Other factors reducing nutrient inflows to Cuba, during the same period, were imports of

foodstuff and livestock feeds, a decrease of nitrogen oxide emissions, and a decrease in the sugar

cane crop area. Using an empirical relationship (Howarth et al. 1996 Regional nitrogen budgets

and riverine N & O fluxes for the drainages to the North Atlantic Ocean: Natural and human

influences. Biogeochemistry 35:75–139) we present a very preliminary estimate of N-inputs to

coastal waters and discuss the consequences of these changes on the coastal zone.

Introduction

Human activities have more than doubled the inputs of reactive nitrogen (Nr)
to the terrestrial landscape (Galloway et al. 1995; Howarth et al. 1996; Smil
1997; Vitousek et al. 1997). This increase was originally limited to developed
countries, but is now being extended to developing countries (Matson et al.
1999). The accumulation of Nr in ecosystems is one of the most important
research questions associated with the impact of humans on the nitrogen cycle
(Galloway and Cowling, 2002). The influx of excess nitrogen has caused seri-
ous alterations to the natural nutrient cycle and disrupted terrestrial and
aquatic ecosystems especially where intensive agriculture and high fossil fuel
combustion coincide (WRI 2001).

One of the best-documented consequences of human alteration of the
nitrogen cycle is the eutrophication of estuarine and coastal waters (Vitousek
et al. 1997). While in moderation, nutrient inputs to oligotrophic coastal
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waters may increase fish production (Howarth et al. 2000) especially of pelagic
species (Caddy 1993), a more intensive input of Nr has serious effects on the
fisheries, biodiversity and ecosystem functioning (Boesch 2001).

Due to the location of Cuba in the oligotrophic Caribbean Sea, in absence of
significant processes of coastal upwelling and because the very small tidal
range; river discharge, delivering terrestrial material in particulate and dis-
solved form, is the most important source of nutrients supporting Cuban
marine coastal fisheries (Baisre 1985). An analysis of the dynamics of its
fisheries resources shows that, in 1995, approximately 38.9% were in the
senescent phase (with declining catches), 48.7% were in the mature phase at a
high exploitation level and only 12.4% were still in the developing phase with
some possibility of increased landings. The decline is noteworthy in the cases of
some of the most important estuarine species like shrimps, mullets and man-
grove oyster. Baisre (2000) has hypothesized that a reduction of nutrients in-
puts to coastal waters is one of the factors that must be considered when
analyzing the causes of this decline.

This paper represent a first step toward more specific studies about the
ecological consequences of human alterations on the N-cycle in Cuba and the
impact of anthropogenic nutrients in the coastal waters and marine fisheries.
By considering the whole Cuban territory as a large watershed, I estimate N-
inputs to the landscape from a combination of fertilizer use, atmospheric
deposition, biological fixation and net imports of foods and feedstock. A
preliminary assessment of the probable fluxes to coastal areas was also
attempted by using a model developed for temperate regions.

Material and methods

Study area

The Cuban Archipelago, has a total surface area of 110860 km2 which includes
the Isle of Cuba (104945 km2), the Isle of Youth (2200 km2) and more than
1600 small and unpopulated islands and keys (3715 km2). Approximately two-
thirds of Cuba consists of plain or rolling lands with low elevation. The rest of
the territory is formed by three groups of mountains where most of the natural
forest occurs. The country lies within the northern tropics and has a sub
tropical climate moderated by trade wind. Average daily temperatures range
from 21 �C in winter to about 27 �C in summer. Annual average rainfall is
1300 mm with a marked difference between the rainy season (May to October)
and the dry season (November to April).The combined area of the country is
made up of agricultural lands (34.8%), non-cultivated lands (34.1%), and
forest (21.5%), with a small fraction of urban land (6.6%) and freshwater
aquatic areas (2.9%).

Many watershed runs like a spine along the length of the main island and as
a consequence, most of the rivers are of limited length and reduced flow.
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Furthermore, many parts of the country are underlined by limestone and some
rivers may flow underground for at least parts of their lengths (Cubagua 2004).

In marine waters, Baisre (1985) described in sequence three fishery ecological
complexes in terms of the decreasing influence of land. The three ecological
complexes are: estuarine–littoral, seagrasses-coral reef and oceanic. The estu-
arine–littoral complex is particularly influenced by terrestrial fluxes and is
typical of low coast, estuaries and lagoons dominated by terrigenous material
and mangroves. Ecologically, they represent highly fluctuating habitats subject
to great environmental changes, often accentuated by the unpredictable rainy
season. There are elevated levels of primary production and organic detritus,
which are the basis of relatively simple food webs. Estimated area of the
estuarine–littoral complex is about 8500 km2, approximately 16% of the total
shelf area and it reaches its greatest extent on the southeast coast in the Gulfs
of Ana Maria and Guacanayabo into which the largest river systems of the
country drain (Baisre 1985).

Changes in the nitrogen cycle in Cuba was determined in this paper by
quantifying net new anthropogenic Nr inputs to the country landscape and
comparing to baseline inputs. New refers to Nr that is either newly fixed within,
or transported into a region (Howarth et al. 2002).

Natural inputs

The estimation of natural biological N fixation in Cuban pristine areas could
provide a baseline for further comparison with anthropogenic inputs in human
dominated ecosystems. Available data suggest that approximately 60% of
Cuba was covered with forest in pre-Columbian times (Smith 1954). This forest
was largely deciduous broad-leaf while pine forests probably occupy the same
4% they do today and the tropical rain forest was limited to a small area in the
northeastern mountains (Marrero 1950). Considering that 60% of the area of
the country was covered by deciduous broad-leaf forest; 26% by tropical dry
savanna, while the remaining area is occupied by different types of vegetation
(xeromorphic shrubs, wetlands, mangroves, pinelands, (Smith 1954), I calcu-
lated N-fixation in Cuban pristine landscape using the area covered by the
different types of vegetation and reference values from the literature.

Natural nitrogen fixation rates are difficult to estimate because of ecosystems
heterogeneity. Cleveland et al. (1999) reviewed the available published esti-
mates of both symbiotic and non symbiotic components of N fixation for each
typed ecosystem, using the ecosystem classification of Schimel et al. (1996).
For the dry tropical broad-leaved forest, the most common vegetation type in
Cuba, Cleveland et al. (1999) reported a range of values from 9.4 to 34.0 kg N
ha)1 yr)1 with an average of 21.7 kg N ha)1 yr)1. Estimates of N-fixation in
tropical savannas are higher because of the sparse presence of some legumes,
and range from 16.3 to 44.0 kg N ha)1 yr)1 with a mean estimate of
30.2 kg N ha)1 yr)1 (Cleveland et al. 1999). In this paper, I used the lower and
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more conservative values for estimating inputs from N fixation in natural
systems, because as pointed by Galloway et al. (2004), ‘‘there are several
compelling reasons to believe that an estimate in lower portion of the range is
more realistic than higher estimates’’.

Anthropogenic inputs

Besides determining annual N inputs from fertilizer application, atmospheric
deposition, biological nitrogen fixation by agricultural crops, and net movement
of food and animal feed stocks into or out the country, I also assessed the inter-
annual variability of these inputs. Except for data on nitrate wet-deposition,
from 1982 to 1994, the remaining data were available over a longer period of
time, between 1961 and 2000.

Data on inorganic-N fertilizer was obtained from the International Indus-
trial Fertilizer Association database (IFA 2004), while atmospheric deposition
was estimated with data from a network of 5 monitoring stations operated by
the Institute of Meteorology across the country (Figure 1). Atmospheric
deposition (wet and dry) in Cuba is mainly associated with industrial and
agricultural (biogenic) N emissions. The two major sources of nitrogen pol-
lution to the air are fossil fuel combustion (e.g. vehicle and power plant
emissions) and agriculture (e.g. fertilizer and manure emissions). Nitrate
(NO�

3 ) and ammonium (NHþ
4 ) are the dominant forms of inorganic N in

atmospheric deposition (Centella et al. 2000). I considered only the emissions
of oxidized nitrogen compounds to the atmosphere (NOx), because the emis-
sion of ammonia and ammonium (NHx) supposedly originates from the vol-
atilization of fertilizer and animal wastes, and represents N recycling within the
system (Howarth et al. 1996). According to Cuesta et al. (1998), atmospheric
wet deposition in Cuba is about 60% and the dry one is 40% while the oxidized
nitrogen compounds contribute 40% and the reduced ones 60%. Final values
of total atmospheric deposition of NOx were calculated using these figures. I
have not considered the NHx deposition from oceanic sources although we
recognized that this is a potential source of N particularly because Cuba is a
small and elongated island. Estimates of inputs of nitrogen in food and feed-
stocks were based on import and export data from the Food Balance Sheets
prepared by FAO for different countries (FAOSTAT 2004), and the N content
of the different food items obtained from the Food Composition Table pub-
lished by the Research Institute for the Food Industry (IIIA 1985).

Data on N fixation refers to the sum of symbiotic N fixation by cultivation
of legume crops, and non-symbiotic N fixation (Yan 2003). The cultivation of
rice and other non-legume crops supply an additional source of biologically
fixed N by microorganisms (Watanabe 1986). I estimated agricultural fixation
rates of N in Cuba by multiplying the area of the different crops, and
pasturelands by N fixation rates from the literature. The fixation rate used for
edible beans was 40 kg N ha)1 yr)1; which is the average for several types of
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beans calculated by Jordan and Weller (1996). Other fixation rates used were
30 kg ha)1 yr)1 for cyanobacteria associated with rice and 50 kg ha)1 yr)1 for
endophytic diazotrophs associated with sugarcane (Smil 1999). For pasture, a
fixation rate of 4 kg ha)1 yr)1 was used (Jordan and Weller 1996). Data on
cultivated areas for all of these crops were also available at the FAO database
(FAOSTAT 2004).

Estimates of Nr export to coastal waters were made using a simple linear
regression model relating net anthropogenic Nr inputs to total Nr exports in
rivers (Howarth et al. 1996). This model proved to be useful for estimating Nr
fluxes in 16 major watersheds in the northeastern USA (Boyer et al. 2002) and
it seems to be the best choice from several models used to estimate Nr fluxes
from those watersheds (Alexander et al. 2002).

All fluxes were expressed as mass per unit area (Gg N km)2) and as mass per
unit area, per unit time as kg N km)2 yr)1 or kg N ha)1 yr)1. (1 Gg=1000 ton;
1 km2=100 ha). When presenting the data on an area basis, I considered the
combined area of the Isle of Cuba and Isle of Youth to be 107145 km2.

Results

Natural inputs

Although electric discharges is one of the two natural sources of Nr, we assumed
that this source do not have changed very much and have not been included in
the N-budget. Natural biological fixation in Cuban pristine areas in pre
Columbian times, accounts for 123 Gg N yr)1 and when expressed on an area
basis this is equivalent to roughly 1119 kg N ha)1 yr)1. This figure is about
6- fold the actual data for biological N fixation in primary and secondary forest
which averaged 20 Gg N yr)1 from 1961 to 2000.

Wet deposition sampling stations

CasaBlanca

Colón

Santiago de Cuba

La Palma

Falla

Figure 1. Map of Cuba showing the stations where wet atmospheric deposition have been

monitored. This network is operated by the Institute of Meteorology.
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Anthropogenic inputs

Nr inputs from fertilizers
The most commonly used fertilizers in Cuba were urea (36.2%), ammonium
nitrate (34.5%) and ammonium sulphate (24.3%). N-inorganic from fertilizer
use from 1961 to 2000 averaged 180 Gg N yr)1, although there were great
differences between years (Figure 2). From 1961 to 1989, a progressive increase
of nearly 9-fold occurred, from 41 Gg N yr)1; to 367 Gg N yr)1. Fertilizer use
then declined drastically to 78 Gg N yr)1 (nearly 5-fold) by 2000.

Considering the entire area of the country, the yearly average of fertilizer
application is 17 kg N ha)1 yr)1, although during the period of intensive use of
inorganic fertilizers in Cuban agriculture (1980–1989), the average inputs rose
to 28 kg N ha)1 yr)1. If only the area of agricultural land is considered, fer-
tilizer application rate in Cuba increases to more than 90 ha)1 yr)1, reaching a
maximum of 94 ha)1 yr)1.

Net atmospheric Nr inputs from fossil-fuel combustion
The principal sources of oxidized N in Cuba are the combustion of fossil fuel,
motor vehicles and different industrial processes (Centella et al. 2000). Total
atmospheric deposition of NOx from 1982 to 1994 is presented in Figure 3,
ranging from a minimum of 32 Gg N yr)1 in 1992 to a maximum of
171 Gg N yr)1 in 1987. With the decrease in the use of inorganic fertilizer,
atmospheric deposition becomes the most important source of anthropogenic
N in the last decade accounting for 34% of all the inputs in 1994.
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Figure 2. N inputs to Cuba from 1961–2000 from use of inorganic fertilizer (Data from the

International Industrial Fertilizer Association).
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Nr inputs from N2 fixation
Nr is also introduced to the Cuban landscape in significant quantities by
biological fixation in agricultural systems (Figure 4). Available estimates
indicated that biological N fixation in 1961–2000, excluding primary and
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Figure 3. N inputs from total atmospheric deposition of NOx. The calculations were based on

annual average data from wet deposition and the estimates that wet deposition in Cuba represents

about 60% while the oxidized nitrogen compounds contribute 40% (from Cuesta et al. 1998).
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Figure 4. N-inputs from biological fixation in agricultural system from 1961 to 2000. Data on

biological N fixation in primary and secondary forest were not included.
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secondary forest, averaged approximately 94.5 Gg yr)1 and varied from about
72.5 Gg N yr)1 in 1965 to some 110 Gg N yr)1 in 1991, while it is the most
stable of the four sources. Sugar cane crop (66.1%), and pasture (11.1%), were
the most important sources of N-biological fixation.

Net Nr import in foods and feeds
The fourth source of nitrogen input in Cuba is from the net movement of food
and feedstocks into and out the country. Although Cuba is typically a food
exporter, most products, except for sea foods, are nitrogen poor (e.g. sugar and
fruits). On the other hand, there are relatively large inputs of nitrogen from
imported cereals, fish, chicken meat and milk. Most of the N in imported foods
comes from cereals (73.9%), fish (9.7%) and beans (8.8%). The net import of
nitrogen from 1961 to 2000 averaged 43.5 Gg N yr)1 and there was also a
progressive increase on imported N from 1961 to 1980 (Figure 5), which
reached more than 66 Gg N.

Summary of Nr inputs
Total N inputs into the country increased progressively from 136 Gg N in
1961 to 640 Gg N in 1987 (Figure 6). Excepting the biological N fixation
which do not varies very much, there is a general trend of the other N inputs
to increase rapidly until the end of the 1980s and then to decrease even more
rapidly after the 1990s (Figure 7). From 1989 onwards, there is a significant
decline of imported N in food and feedstock, reaching only 37.1 Gg N in
2000. From 1961 to 1965, biological fixation of N in agricultural systems was
the largest source of Nr in Cuba, but since 1966 the use of inorganic
fertilizer becomes more important. From 1994 onwards, NOx deposition
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Figure 5. Net import of N to Cuba in foods and feedstocks from 1961–2000.
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becomes the most important anthropogenic source of Nr in the country
budget.

The total inputs in 1987 practically represent more than a 5-fold increase
with respect to the pristine values before the Spanish settlement (Figure 8).

In order to compare our data with those previously reported in the literature
(Howarth et al. 1996; Yan et al. 2003), total Nr input is presented for three
different years (Table 1), which are representative of three different periods of
N inputs in the country. The first year (1961) represents an early stage of
Cuban agricultural development and the first year when the statistical database
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was more or less complete. The year of maximum input of Nr (1987) occurred
after a relatively continuous development and was typical of a period of
accelerated use of Nr. This peak was reached one a few years before the partial
collapse of the Cuban economy due to the loss of imports from the Soviet
Union, which rapidly led to a drastic reduction of imported fuel, fertilizer and
food and feedstock.
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Table 1. N-inputs to the Cuban landscape for three different years. Results from Cuba are

compared with data from 10 temperate regions surrounding the North Atlantic (Howarth et al.

1996) and with data from the Chianjtse River watershed (Yan et al. 2003). Fluxes are in N

km)2 yr)1. Country area used in the calculation was 107.145 km)2.

NOy

deposition

Fertilizer Fixation

by crops

Net import

in foods

Total

North Canada rivers 70 160 30 )50 210

St. Lawrence basin 610 330 260 )30 1170

NE coasts of US 1200 600 750 1000 3550

SE coasts of US 1020 1170 370 450 3010

Eastern Gulf of Mexico 760 1260 250 580 2850

Mississippi River basin 620 1840 1060 )1300 2220

Baltic Sea drainages 480 1730 30 20 2220

North Sea drainages 1090 5960 5 )5 7050

NW European coast 1090 2870 50 )320 3700

SW European coast 460 3370 15 )65 3780

Chiangtse River (NA) 3510 1070 (NA) 4580

Cuba 1961 (NA) 383 860 143 1386

Cuba 1987 1707 2860 984 558 6109

Cuba 2000 (NA) 728 822 346 1896

(NA) Not available.
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Finally, the year 2000 is representative of present conditions. This phase,
began in 1990, and shows the results of a drastic decrease of Nr inputs due to a
reduction in the use of inorganic fertilizers concomitantly with similar reduc-
tions in nitrogen oxides emission, sugar cane area and imported foods and
feedstuff. Table 1 also shows that in the 80s, nitrogen input into the Cuban
landscape was one of the highest in the literature, only below that of the North
Sea.

It is also interesting to express Nr creation and use on a per capita basis to
illustrate the average amount of Nr mobilized per person. North Americans for
example, mobilize about 100 kg N person)1 yr)1 (Howarth, et al. 2002). At
the other extreme, people in Africa mobilize about an order of magnitude less,
about 7 kg N person)1 yr)1. The world average is about 24 kg person)1 yr)1

(Galloway and Cowling 2002). In 1987, when all N inputs peaked as 640 Gg,
the Cuban population mobilized 62 kg person)1 yr)1 while in 2000 this figure
dropped dramatically to 19 kg person)1 yr)1.

Nr export to coastal waters

Average estimates of Nr export in rivers using the empirical model presented
by Howarth et al. (1996) was 926 kg N km)2 yr)1 and values ranged from
379 kg N km)2 yr)1 in 1961 to 1461 kg N km)2 yr)1 in 1987.

Discussion

Human activity has roughly doubled the availability of nitrogen to terrestrial
ecosystems of the planet (Vitousek et al. 1997). This nitrogen fixation increased
by some two- to three- fold over the three decades between 1960 and 1990, and
continues to grow (Galloway et al. 1995). The effects of N cycling in temperate
and tropical ecosystem can be better understood if we can compare N
dynamics in pristine or minimally disturbed ecosystems and highly modified
ecosystems.

In the pristine biosphere, it is generally believed that N-biological fixation
was the dominant source of newly fixed N to the landscape (Cleveland et al.
1999). Before the Spanish settlement in Cuba, we can assume that the small
number of persons living in the region, their diet based on marine foods, and
subsistence agriculture (Tabı́o and Rey 1985; Dacal Moure and Rivero de la
Calle 1986), caused negligible human impacts on N-cycle. Our estimate of
N-biological fixation represents then, a baseline for further assessment of the
Nr mobilized by human activities.

It has been emphasized (Downing et al. 1999) that, with the progressive
intensification of human development, vast areas of forest have been commonly
cleared and replaced by agricultural crops or urban areas. The real extent of the
destruction of Cuban forest during the Spanish rule is unknown but all the
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evidences suggest that this impact has been overemphasized. Although some of
the so-called India’s Chroniclers calculated the number of Indians who occu-
pied Cuba to have been 200,000 or 300,000, this figures seems to overestimate
the true population. Evidences supporting it come from the first census carried
out in 1774 (ONE 2002), almost 300 years after the colonization. In this Census,
the whole population of Cuba was calculated in only 171,620 inhabitants of all
races. A rapid development of the population took place since that time and by
1899 the census reported that about 50% of the country was still forested even
when the population reached 1.6 millions inhabitants. Then, although defor-
estation obviously took place since first Spanish settlement, do not reach
disastrous proportions until the first half of the XX century. According to Smith
(1954), the trend in the destruction and removal of Cuba’s forest date from the
treaty of 1903 between Cuba and the United States. This treaty gave sugar a
place on the preferred list of imports into the USA. For that reason, land was
rapidly cleaned for cane planting, and the forest were extensively cut and
burned. In 1950, the forest covered only 18% of the landscape (Levi Marrero
1950; Smith 1954). Since then, anthropogenic N inputs have increased signifi-
cantly until it reached one of the highest values reported in the literature in the
1980s. As mentioned earlier, the Cuban population in 1987 mobilized 62 kg
N person)1 yr)1, some 3-fold the global average. The increase of N availability
between 1961 and the end of the 80s was mainly associated with the intensifi-
cation of agriculture and livestock production, supplemented by an increase of
the use of fossil fuel consumption and imports of feeds and foodstuff.

Nr inputs from fertilizers

The relative importance of different sources of nutrients varies greatly among
different coastal regions of Cuba, depending on the characteristics of the
drainage basin, their human populations, the intensity of agricultural activities,
and the amount of atmospheric deposition. But overall, fertilizer applications
have been the most important source of Nr inputs to the Cuban territory.

In order to sustain economic levels of production, fertilizer use on tropical
lands may eventually exceed rates of application in temperate systems
(Downing et al. 1999). Special problems arise with crops as sugar cane and rice,
which receive large applications of N, but also lose large amount of N by
denitrification and volatilization (Peoples et al. 1995). Sugar cane dominates
agriculture in Cuba, accounting for approximately half of the cultivated area
and has historically consumed most of the fertilizers (FAO 2003).

Agricultural N inputs by fertilizer application (per total area, including non
agricultural lands) in the major drainage basin of the United States ranged from
0.9 kg N ha)1 yr)1 in the Great Basin, to 40 kg N ha)1 yr)1 in the Upper
Mississippi region (Jordan andWeller 1996).When averaged over the entire area
of the country, the rate of inorganic fertilizer use in the USA is approximately
13 kg N ha)1 yr)1 or some 2.2 fold greater than the global average (Howarth
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et al. 2002). In Cuba, considering the entire area of the country, the yearly
average from 1961 to 2000 was 16.8 kg N ha)1 yr)1, a 29% higher than the
average in USA. Furthermore, in the period of intensive use of inorganic fer-
tilizers in Cuban agriculture, from 1980 to 1989, the average was
28 kg N ha)1 yr)1, or 2.1 fold greater than in the USA. Only in the Upper
Mississippi region, where a high proportion of the land is devoted to intensive
corn and soybean farming (Jordan and Weller 1996), rates of fertilizer use were
higher than those in Cuba. Consequently, a large area of anoxia now exists
offshore of the Mississippi estuary (Howarth et al. 2000).

Presently, crops and pasture lands cover approximately 53% of the landscape
in Cuba, so inorganic fertilizer input to agricultural land was less concentrated
than in the USA where this area covers only about 20% of the landscape
(Howarth et al. 2002). Nevertheless, by considering only agricultural crops, the
rate of application in Cuba, in 1981 and 1989, increased to more than 90 kg
N ha)1 yr)1, reaching the highest value in 1981 (94 kg N ha)1 yr)1). This
average is relatively similar to those rates seen in lands intensively farmed with
corn in the American mid-west, where approximately 100 kg N ha)1 yr)1 are
applied (Galloway et al. 2004). This figure is likely to be higher if we consider
inputs to a particular river basin. This trend has been changing over the last
years and nitrogen inputs are now quite reduced due to the drastic shortage in
funds for purchase of inorganic fertilizer since 1990 (FAO 2003).

Nr inputs from atmospheric deposition

Total (wet and dry) atmospheric deposition of NOx averaged 81 Gg N yr)1

from 1982 to 1994, with a peak 171 Gg N yr)1 in 1987. The figure for 1990 was
51 Gg N yr)1 which do not seem to be very high when we compare it with the
142 Gg N yr)1 released as NOx emissions (Centella et al. 2000) in the same
year.

Previous studies on atmospheric deposition in Cuba during a 6-year period
(Cuesta Santos et al. 1998) reported total deposition values ranging from a
minimum of 7.1 kg ha)1 yr)1 to a maximum of 33.2 kg ha)1 yr)1, measured in
an urban station. These authors also reported that the maximum values
coincides with the growing of the Cuban economy up to 1989, as well as with
the increasing generation of pollutants caused by the industry and transpor-
tation. They also stated that the higher values are similar to those reported in
most of Europe. These values represent a total annual deposition of atmo-
spheric N ranging from 76 to 355 Gg N yr, while the values for oxidized
nitrogen compounds ranged from 30 to 1420 Gg N yr. Although this values
seems to be relatively high, atmospheric deposition is a strong function of
emissions. Once emitted to the atmosphere, nitrogen compounds, particularly
NOx, can travel great distances (�600 to 800 km or farther) from the point of
emission to the point of deposition (Dennis 1997). Considering that Cuba is a
long island, and also that northeast trade winds are predominant, it is also
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probable that some of the NOx emitted from anthropogenic activities in the
southeastern United States might be redeposited on the Cuba’s land surface,
increasing the estimated amount of Nr deposition.

Nr inputs to coastal waters

Once it has been introduced into a terrestrial system, nitrogen has three fates: (1)
storage within the system, (2) transferred to another system (discharged to the
water or emitted to the atmosphere), or (3) denitrified. Nitrogen inputs can be
exported in many forms and through different pathways to the soil, atmosphere,
groundwater and rivers. The extent to which agriculture and other human
activities contributed to the nitrogen fluxes are very variable and depend on how
intense the y are (Howarth et al. 2002). In the United States and Europe,
discharges of nitrogen from rivers are highly correlated with increasing human
generated nitrogen inputs into the watersheds, particularly from fertilizers and
atmospheric deposition (Howarth et al. 1996; Jordan and Weller 1996).

Boyer et al. (2002) examined the relationships between N inputs and riverine
N export for 16 catchments basin in the northeast USA using the empirical
model from Howarth et al. (1996) for the large regions that drain to the North
Atlantic Ocean. These basins encompass a range of climatic variability and are
major drainages to the coast of the North Atlantic Ocean along a latitudinal
profile from Maine to Virginia. In spite of the possible limitations of this model
for tropical regions, we used it in order to have a first approximation of the
magnitude of terrestrial N export to Cuban coastal waters. In any case, the
drastic reduction experienced by the N inputs during the 1990s, must have also
impacted significantly, the receiving marine waters.

One of the best documented and understood consequences of human alter-
ations of the nitrogen cycle is the eutrophication of estuaries and coastal waters
(Vitousek et al. 1997). The impact of anthropogenic N in coastal waters have
been widely documented in the literature (Ryther and Dunstan 1971; Pearl
1985; Nixon 1995; Caraco and Cole 1999; Cloern 2001; Rabalais 2002); but the
dramatic decline of nutrients that occurred in Cuba in the past decade, seems
to follow the opposite trend of that seen for other regions of the world and
therefore must be seriously considered in future ecological studies.

Some studies suggest (Caddy 2000) that drastic reductions in nutrient inputs
to terrestrial landscapes might introduce a rapid change in coastal ecosystems.
A good example comes from the dramatic decline of application of fertilizers
by some of the countries of Eastern Europe. Discharges of phosphorus and
subsequently nitrogen rapidly declined at the beginning of the 90s and by 1996;
there was no hypoxic zone on the shelf of the Black Sea for the first time in
23 years (Boesch 2001). According to Kideys (2002), the decrease in nutrient
inputs to the Black Sea were immediately reflected in measurements of nutrient
from coastal waters.
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It is recognized that there are three main categories of nutrient enrichment
processes in the coastal zone: (1) coastal upwelling, (2) tidal mixing and (3)
land-based runoff and major river outflow (Caddy and Bakun 1994). There is
strong circumstantial evidence worldwide that nutrient-enriched riverine dis-
charges enhance fishery production in adjacent shelves (Grimes 2001). It has
been also hypothesized (Baisre 2000; Caddy per.com.), that there is a rela-
tionship between the drastic decrease of fertilizer applications in agricultural
crops in the 1990s in Cuba, and a drop in coastal fisheries during the same
period.

The reduction of the extent of brackish areas and wetlands by excessive
freshwater extraction upstream will also have adverse impacts on marine
species which are dependent on brackish habitat for part of their life history
(Aleem 1972; Deegan et al. 1986; Caddy and Bakun 1995). A reduction of
freshwater flow might concomitantly reduce the extent of the brackish water
area and to provoke the salt-water invasions to the estuary and lower river
system that may have severe impacts on estuarine dependent species (Deegan
et al. 1986). The building of dams on rivers increases water retention and rates
of degradation and sedimentation of particulate organic matter with the new
impoundment and reservoirs become effective nutrient sinks (Stockner et al.
2000). In Cuba, the main rivers have been regulated and water volume in
artificial reservoirs now represents 24.9% of the nation’s internal renewable
natural water resources (Cubagua 2004). The effects of river damming in Cuba
and the concomitant reduction of nutrient inputs to the coastal zone are re-
flected in the dramatic decrease of the landings of the more typical estuarine
species like mullets (Mugilidae), shrimps (Penaeidae), gerrids (Gerridae) and
mangrove oyster (Crassostrea rhizophorae) (Figure 9).
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Synchronous anthropogenic effects on marine coastal systems make it
difficult to separate effects of fishing from terrestrial inputs, especially of those
caused by nutrient runoff because as far as the different fisheries are close or
beyond the top of the yield curve, the effects of environmental changes, natural
or anthropogenic, are likely to predominate (Caddy 2000). In Cuba, it seems to
be possible that river damming, acting synergistically with the drastic nutrient
reduction previously discussed, provide a more comprehensive explanations for
the decline of marine coastal fisheries (Baisre 2000) experienced since 1990.
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Gil P. 1986. Relationships among physical characteristics, vegetation, distributions, and fisheries

yield in Gulf of Mexico estuaries. In: Wolfe D.A. (ed.), Estuarine Variability, Academic Press,

NewYork, pp. 83–100.

Dennis R. 1997. Using the Regional Acid Deposition Model to determine the nitrogen deposition

airshed of the Chesapeake Bay watershed. In: Baker J.E. (ed.), Atmospheric Deposition of

Contaminants to the Great Lakes and Coastal Waters, SETAC Press, Pensacola, Florida, pp.

393–413.

Downing J.A., Mcclain M., Twilley R., Melack J.M., Elser J., Rabalais N.N., Lewis W.M. Jr.,
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Abstract. Anthropogenic actions are altering fluxes of nitrogen (N) in the biosphere at unprece-

dented rates. Efforts to study these impacts have concentrated in the Northern hemisphere, where

experimental data are available. In tropical developing countries, however, experimental studies are

lacking. This paper summarizes available data and assesses the impacts of human activities on N

fluxes in Puerto Rico, a densely populated Caribbean island that has experienced drastic landscape

transformations over the last century associated with rapid socioeconomic changes. N yield cal-

culations conducted in several watersheds of different anthropogenic influences revealed that dis-

turbed watersheds export more N per unit area than undisturbed forested watersheds. Export of N

from urban watersheds ranged from 4.8 kg ha)1 year)1 in the Rı́o Bayamón watershed to

32.9 kg ha)1 year)1 in the highly urbanized Rı́o Piedras watershed and 33.3 kg ha)1 year)1 in the

rural-agricultural Rı́o Grande de Añasco watershed. Along with land use, mean annual runoff

explained most of the variance in fluvial N yield. Wastewater generated in the San Juan Metro-

politan Area receives primary treatment before it is discharged into the Atlantic Ocean. These

discharges are N-rich and export large amounts of N to the ocean at a rate of about

140 kg ha)1 year)1. Data on wet deposition of inorganic N (NHþ
4 þNO�

3 ) suggest that rates of

atmospheric N deposition are increasing in the pristine forests of Puerto Rico. Stationary and

mobile sources of NOx (NO+NO2) and N2O generated in the large urban centers may be

responsible for this trend. Comprehensive measurements are required in Puerto Rico to quanti-

tatively characterize the local N cycle. More research is required to assess rates of atmospheric N

deposition, N fixation in natural and human-dominated landscapes, N-balance associated with

food and feed trade, and denitrification.

Introduction

Human activities have caused unprecedented changes in the nitrogen (N)
gaseous fluxes between the atmosphere and the Earth’s ecosystems (Galloway
et al. 1995; Holland et al. 1999; Matson et al. 1999; Socolow 1999). It is esti-
mated that the application of fertilizers, the development of N-fixing crops
(legumes and forages), and fossil fuel burning adds about 140 Tg of N per year
to terrestrial environments (Vitousek et al. 1997). This rate matches the upper

Biogeochemistry (2006) 79: 109–133 � Springer 2006

DOI 10.1007/s10533-006-9005-y



end of the natural N fixation rate associated with lightning and N-fixing algae
and bacteria, estimated at 90–140 Tg per year prior to the Industrial Revolu-
tion (Galloway et al. 1996). In addition, human actions such as burning of
forests, wood fuels, and grasslands, the draining of wetlands and the clearing of
land for crops are depleting the N stored in soil organic matter and in tree
biomass at a rate of about 60 Tg per year (Vitousek et al. 1997).

The impacts of these anthropogenic activities are evident in the atmo-
spheric N budget and in the ecosystem functioning. For example, increased
emissions of nitrous oxide (N2O) are altering the heat balance of the Earth
(Vitousek et al. 1997). This gas absorbs infrared radiation emitted by the
Earth and is thought to contribute significantly to the greenhouse effect. In
addition, N2O contributes to the thinning of the stratospheric ozone layer
that shields the Earth from damaging UV cosmic radiation. In urban areas,
the production of nitric oxide (NO) from the combustion of fossil fuels
controls ozone formation. High ambient ozone concentrations initiate and
exacerbate respiratory illness (Townsend et al. 2003). In the atmosphere, NO
is oxidized in two steps to form nitric acid (HNO3), a compound that is
responsible for increased rain acidity (e.g., Meixner 1994). Gaseous ammonia
(NH3), a byproduct of forest burning, of animal waste oxidation, and
application of fertilizers, buffers the acidifying effect of NO (through its
oxidation product HNO3), and, therefore influences the chemistry of atmo-
spheric aerosols, water vapor, and rain. When deposited to soil surfaces NH3

can be considered as an acid, since it is rapidly nitrified in soils, a process
that directly forms H+ and NO3

) (Galloway 1998).
Changes in the global N cycle create a cascade of effects with direct impacts

on the global carbon cycle. The increase in wet and N dry deposition associated
with increasing concentrations of atmospheric N species may promote plant
growth and hence increase carbon sequestration by plants, particularly in
N-limited ecosystems of the temperate and boreal regions (Vitousek et al.
1997). This increase in carbon storage may represent an important sink in the
global carbon budget that counteracts the increase in atmospheric carbon
dioxide associated with the combustion of fossil fuels. However, as these
ecosystems become saturated with N, other elements such as phosphorus,
calcium, and water may become limited thus reducing plant growth. This
condition leads to high losses of N that have caused acidification of lakes and
streams in some regions (Aber et al. 2003). Other ecosystem-level impacts
associated with increased N inputs include changes in biodiversity, intensified
trace gas (particularly NO and N2O) exchange, increased cation leaching, and
changes in estuarine trophic structure (Howarth et al. 1996; Aber et al. 1998;
Matson et al. 1999).

The complex nature of interactions between humans and the global N cycle
mandates the need for the determination of N fluxes at the regional and/or
national level. Although research and environmental monitoring must continue
in temperate regions where much of the anthropogenic N has been generated
(Howarth et al. 1996), additional research is needed in developing tropical

110



regions where particularly land-use change is expected to alter natural N fluxes
(Matson et al. 1999; Trebs et al. 2006).

This paper evaluates the effects of human activities on the N flux in Puerto
Rico, a densely populated tropical Caribbean island that has experienced
drastic landscape transformations associated with rapid socioeconomic chan-
ges (Hunter and Arbona 1995; Thomlinson and Rivera 2000; López et al. 2001;
Grau et al. 2004). Available hydrologic data are used to assess fluvial N fluxes
from four watersheds in Puerto Rico with varying levels of human impacts and
water yield. These are compared with N fluxes to the ocean from wastewater
treatment plants located in urban centers. Collected data on rain chemistry
were evaluated to estimate rates of N wet deposition. Fertilizer use in Puerto
Rico was reviewed to assess its effect on local N budgets. Finally, future
research needs are proposed to further improve our understanding of N
dynamics in Puerto Rico and in the tropics.

Methods

The study site

With an area of 889,500 ha, Puerto Rico is the fourth largest island in the
Caribbean (Figure 1). It is centered at 18�15¢ N, 66�30¢ W. The interior of the
island has rugged topography with elevations reaching up to 1300 m above
mean sea level. Geologic substrates include: alluvial, sedimentary, volcanic,
limestone, and serpentine (Pico 1975). Average annual precipitation ranges from
2100 mm in the humid uplands, 1600 mm in the humid coastal plains, 1150 mm
in the semiarid mountains and valleys, to 900 mm in the semiarid coastal plains.
The average annual temperature is 24 �C in the humid uplands, 25 �C in the
humid coastal plains, 26 �C in the semiarid mountains and valleys, and 26 �C in
the semiarid coastal plains. On average, the island receives about 1753 mm of
rain per year, of which 1057 mm are evaporated and transpired by vegetation,
622 mm are discharged to the ocean through rivers and underground aquifers,
with the remaining stored in rivers, reservoirs, and cycled internally (DNER
2005). Seventeen major rivers drain the island, with the largest ones found on the
Northern slopes, which are wetter than the Southern slopes.

During the 20th century, Puerto Rico experienced dramatic socioeconomic
development of unprecedented proportions for many tropical countries. From
its discovery in 1493 until 1899, when Puerto Rico became a United States
possession, its population increased from about 30,000 to 953,243 inhabitants
at an average rate of 2274 inhabitants year)1 (Picó 1975). Over the 20th cen-
tury, the population increase was much faster, at a rate of 28,271 inhabitants
year)1. With a population of 428 inhabitants km)2 (Puerto Rico Planning
Board 1995), Puerto Rico is one of the densest territories of the world. Major
urban settlements are concentrated on the coastal plains in the cities of the San
Juan Metropolitan Area (SJMA; e.g., Trujillo Alto, Bayamón, Carolina),
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Ponce, Mayaguez, Arecibo, and Humacao and inland cities such as Caguas
(Figure 1). Rural areas, however, are heavily populated. Thus Puerto Rico can
be considered to be an urban island. Only 35,000 ha or 4% of its territory are
protected lands.

These demographic patterns have dramatically altered the Puerto Rican
landscape. Puerto Rico was mostly forested in the 16th century. However, by
1828 only 61% forest cover remained due to timber cutting and development of
non-forested land uses. By 1899, forest cover was reduced to 20% and coffee
was the principal crop. By 1931, only 9% of forest remained while the pro-
duction of coffee was declining. Boosted by an expansion of the sugar cane
industry, deforestation continued. By late 1940, only 6% of the land area
remained forested. In 1948, a new economic model based on manufacturing
(Operation Bootstrap) was initiated and the sugar cane production began to
decrease (Pico 1975). In 1952, Puerto Rico became a commonwealth associated
with the United States. This political status allowed for the free trade of
products and unrestricted immigration between the two countries. Between
1950 and 1980, Puerto Rico experienced rapid economic growth with >10-fold
increase in its gross domestic product, labor wages, and personal annual in-
come (Pico 1975; Dietz 1986). With industrialization, forest cover began to
increase due to natural succession in abandoned agricultural lands, reaching

Figure 1. Location of wastewater treatment facilities, hydrologic USGS stations, and atmospheric

deposition measurement stations in Puerto Rico referenced in this study.
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34% by 1985 (Birdsey and Weaver 1987) and 42% by 1992 (Helmer et al.
2002). The per capita GDP in Puerto Rico is one of the highest of Latin
American and Caribbean ($16,800 in 2003 in purchasing power parity; http://
www.cia.gov).

The socioeconomic transformations that led to reforestation in Puerto Rico
also resulted in an increase in energy consumption. Because Puerto Rico is
dependent almost exclusively on fossil fuels, per capita carbon emissions are
among the highest in the Neotropics (about 2.5 Mg C person)1 year)1; Grau
et al. 2004). The effects of these emissions on the atmospheric deposition of N
are still uncertain; however, there is consensus that N emissions associated with
fuel combustion in Puerto Rico are increasing (DNER 1999).

Fluvial export of nitrogen

Flow-weighted means of the total N concentration were calculated for four
watersheds in Puerto Rico based on data collected at US Geological Survey
(USGS) streamflow and water quality stations (Table 1). Total N concentration
and instantaneous discharge data are available quarterly at each water quality
station. At streamflow stations, mean daily discharge data are also available.

Rı́o Grande de Loiza watershed
This is the largest watershed in Puerto Rico. The Rı́o Grande de Loiza drains
into the Atlantic Ocean near the municipalities of Loiza and Carolina. This
watershed supplies the San Juan Metropolitan area with an average of
3.7 · 105 m3 day)1 withdrawn from the Carraizo Reservoir. The reservoir was
built in 1953, and its current capacity is estimated at 18.1·106 m3; Ortiz-Zayas
et al. 2004). Estimates of mean annual runoff below the reservoir are impacted
by these extractions (Table 1). It is a semi-rural basin with about 13% of its
area urbanized (Gould et al. 2005). According to Osterkamp (2001), about
21% of the watershed is forested and about 58% of this basin is dominated by
agriculture and pasture. Two major wastewater treatment plants service most
of the population in the watershed: the Caguas Regional Wastewater Treat-
ment Plant and the Carolina Regional Wastewater Treatment Plant. The
Caguas plant discharges secondary treated effluent back into the Rı́o Grande
de Loı́za while Carolina discharges primary treated effluent to the Atlantic
Ocean via a submerged outfall.

N export from the Rı́o Grande de Loı́za was calculated from data on total N
collected at the Rı́o Grande de Loı́za below Trujillo Alto (station 50059100;
Table 1) and discharge data collected at the Rı́o Grande de Loı́za below the
dam site (station 50059050) as an approximation of that in station 50059100.
Station 50059050 is located 4 km upstream from station 50059100 and there
are no major tributaries discharging between the stations. To evaluate the
relationship between discharge and N concentration at the 50059100 station, a
linear regression was developed between the logarithm of the concentration of

113



T
a
b
le

1
.

S
u
m
m
a
ry

o
f
in
fo
rm

a
ti
o
n
o
n
th
e
w
a
te
r-
q
u
a
li
ty

st
a
ti
o
n
s
in

P
u
er
to

R
ic
o
a
n
a
ly
ze
d
.
B
a
se
d
o
n
d
a
ta

fr
o
m

D
ı́a
z
et

a
l.
(2
0
0
4
).

S
ta
ti
o
n
n
a
m
e
a
n
d
n
u
m
b
er

P
er
io
d
o
f
re
co
rd

E
le
v
a
ti
o
n
,
m

a
m
sl

D
ra
in
a
g
e
a
re
a
,

k
m

2
R
u
n
o
ff
,

m
m

y
ea
r)

1
%

U
rb
a
n

la
n
d
in

w
a
te
rs
h
ed

a

S
ta
rt

E
n
d

R
ı́o

G
ra
n
d
e
d
e
L
o
ı́z
a
b
el
o
w

d
a
m

si
te
,
5
0
0
5
9
0
5
0

D
ec
-1
9
8
6

S
ep
-2
0
0
2

1
0

5
4
1
.0

4
2
7
b

1
3

R
ı́o

G
ra
n
d
e
d
e
L
o
ı́z
a
b
el
o
w

T
ru
ji
ll
o
A
lt
o
,
5
0
0
5
9
1
0
0

Ja
n
-1
9
8
1

A
u
g
-2
0
0
1

8
5
5
2
.0

–
1
3

R
ı́o

d
e
B
a
y
a
m
ó
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total N (TN, mg l)1) and the logarithm of instantaneous discharge (Q, ft3 s)1)
at the time of sampling for the period of record. The equation obtained, Log
TN=0.2069*log Q ) 0.1784 (r2=0.19, p-value <0.0001), was used to estimate
TN concentration from a mean daily discharge series at the 50059050 station.
An average annual total N load (kg year)1) was calculated by summing the
mean daily N concentration for each year over the period of record. The N
yield per unit area of watershed (kg ha)1 year)1) was calculated as the mean of
the annual concentration series divided by the watershed area (cf. McDowell
and Asbury 1994; Swistock et al. 1997).

Rı́o de Bayamón watershed
The Rı́o de Bayamón watershed drains the Western part of the SJMA (Fig-
ure 1). This basin is highly influenced by human activities with about 22% of
its area urbanized. Secondary-growth forests and fallow lands predominate in
the upper watershed. The lower 6 km of the river are impacted by a straight
earthen channel with raised levees for flood control. Cidra Reservoir, with a
volume of 6.6·106 m3 (Ortiz-Zayas et al. 2004) is located in the upper part of
the watershed and provides water supply to the Guaynabo area (Ramos-Ginés
1997). The Bayamón Regional Wastewater Treatment Plant services the
inhabitants of the watershed and nearby communities (Figure 1). This plant
provides primary treatment to wastewater before it is discharged to the
Atlantic Ocean through a submerged outfall.

The USGS operates a water-quality station located 5.1 km above the river
mouth (50048510; Table 1) and a streamflow gauging station (50047850)
located upstream (Figure 1). The lack of a significant relationship between
total N concentration and instantaneous discharge at the time of water
sampling suggests that total N in the lower Rı́o de Bayamón is not sensitive
to flow. Therefore, the concentration of total N from 1974 to 2002 was
averaged (1.88 mg N/L; SD=1.16). Mean daily flow at station 50048510 was
obtained from a relationship developed between the instantaneous flow at
station 50048510 and mean daily flow at station 50047850. A flow-weighted
mean concentration of total N was calculated for each year as the product of
the mean daily flow at station 50048510 and the mean concentration of total
N. An average annual total N load was computed from the annual series.
The N yield per unit area of the watershed was calculated as described above.

Rı́o Piedras watershed
This watershed, located in the center of the SJMA (Figure 1), is the most
urbanized of the four watersheds studied with urban land covering 63% of the
watershed. While some rural sections in the upper watershed are not connected
to the public sewer system, the lower section is connected to the Puerto Nuevo
Wastewater Treatment Plant. This plant provides primary treatment to waste-
water, which is then discharged to the ocean via the Bayamón submerged outfall.

Since 1973, the USGS has monitored water quality at a station located in
Hato Rey (Table 1). The USGS has also monitored streamflow at this station
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since 1988. There was no relationship between the concentration of total N and
discharge indicating that total N in Rı́o Piedras is not sensitive to streamflow.
Therefore, the mean concentration of total N was calculated for the period of
record (2.87 mg N/L; SD=1.97). The average annual total N load and the N
yield per unit area were calculated as described above.

Rı́o Grande de Añasco watershed
This is a rural watershed located in Western Puerto Rico (Figure 1). Urban
land cover is minimal (Table 1) and agricultural activity is sparse at mid and
high elevations. Three reservoirs, located in the upper part of the watershed
(Guayo, Prieto, and Yahuecas) transfer part of runoff generated in this
watershed to an outside watershed for hydroelectric generation, irrigation, and
water supply (Ortiz-Zayas et al. 2004).

The USGS operates a combined water quality and streamflow station in this
watershed (50144000; Table 1). Water quality records are available since 1974
while streamflow data are available since 1963. Total N concentration and
discharge were statistically related (Log TN=0.5047*log Q ) 1.1170; r2=0.43,
p-value <0.0001), at this station, and thus the mean daily discharge series for
the period of record was used to estimate the mean daily total N concentration.
A flow-weighted mean concentration of total N was calculated for each year as
the product of the mean daily flow at station 50014400 and the mean daily
concentration of total N. An average annual total N load was computed from
the annual series from which a nitrogen yield per unit area was calculated.

Nitrogen export via wastewater

Wastewater generated in the SJMA is treated in three regional wastewater
treatment plants (WWTPs): Carolina, Puerto Nuevo, and Bayamón (Figure 1;
Table 2). The three plants serve about 798,000 inhabitants and are operated by
the Puerto Rico Aqueduct and Sewer Authority (PRASA). The WWTPs offer
primary treatment to wastewater with up to 80% removal of suspended solids
and up to 50% removal of organic matter (Table 2). The three plants discharge

Table 2. Design parameters of the wastewater treatment system for the SJMA. Data from

PRASA (2005).

WWTP Population

served

Flow

(mgd)

BOD5 Total suspended solids

% Removal Effluent quality

(mg l)1)

% Removal Effluent quality

(mg l)1)

Bayamón 224,155 40 50 130 80 75

Puerto Nuevo 395,041 72 38 130 78 75

Carolina 178,901 45 – 130 57 70

Total 798,097 157
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their treated effluents to the Atlantic Ocean through two ocean outfalls: the
Bayamón/Puerto Nuevo combined outfall and the Carolina outfall.

The WWTPs are not designed to remove N from wastewater. An unknown
amount of organic N associated with the nitrogenous oxygen demand might be
incidentally removed with primary treatment. However, given the low removal
efficiency of organic matter, this amount would be small. Therefore, effluents
discharged to the ocean are N-rich with a designed effluent concentration of
inorganic N (nitrate, nitrite, and ammonium) of 54 mg l)1 (PRASA 2005).

The mean concentration of total N in wastewater and the total load of N
discharged to the ocean from each of the three WWTPs were calculated based
on historic flow and effluent chemistry data reported by PRASA in their dis-
charge monitoring reports to EPA. PRASA does not have precise data on
areas serviced by its WWTPs. Therefore, in order to estimate the N yield per
unit area, the serviced area was estimated based on the product of the popu-
lation served and the population density of each serviced area using data from
the Puerto Rico Planning Board (2005). N yield per unit area associated with
each of PRASAs sewer systems was estimated from the load and estimated
serviced area of each WWTP.

Atmospheric N deposition

Data about total (wet+dry) atmospheric N deposition based on field mea-
surements are lacking in Puerto Rico. There is only one field station on the
island where rain water has been collected continuously since 1985. The field
site (PR-20) is operated within the framework of the National Atmospheric
Deposition Program (NADP) and is located in the Luquillo Experimental
Forest in Northeastern Puerto Rico (Figure 1). Annual wet deposition data
for inorganic N (NHþ

4 þNO�
3 ) are available for the NADP site from 1985 to

2003 (http://www.nadp.sws.uiuc.edu). Rain water was also collected at two
locations in the Luquillo Mountains (El Verde field station and Bisley
Experimental Watersheds). Data from the initial years of operation of the
NADP PR-20 station, as well as bulk precipitation chemistry in the Luquillo
Mountains, were summarized by McDowell et al. (1990).

The most important contributors to N dry deposition are the atmospheric
trace gases NH3, HNO3, HNO2 (nitrous acid) as well as NOx (NO+NO2). Up
to date, however, no measurements to quantify the surface-atmosphere ex-
change of these compounds have been carried out in Puerto Rico. The Puerto
Rico Environmental Quality Board (EQB) has been monitoring NO2 at a
station located in the SJMA (EQB-72-127-0009; Figure 1) from May 2000 to
June 2004. However, because micrometeorological quantities were not mea-
sured at this urban site and NO2 measurements have been affected by strong
local pollution, the data were not used to estimate surface-atmosphere
exchange of this compound. In order to obtain a preliminary estimate of the
expected total N (dry + wet) deposition in Puerto Rico our data for N wet
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deposition were related to results from Howarth et al. (1996), Galy-Lacaux
et al. (2003), and Trebs et al. (2006).

Fertilizer use

Data on fertilizer use in Puerto Rico were compiled and published by the
Association of American Plant Food Control Officials (AAPFCO 2002).
These data, available from 1994 to 2002, were used to calculate N inputs to
Puerto Rico from fertilizers. These data as well as cropland data (USDA
2004) were analyzed to compute N application indexes for Puerto Rico.
N-fertilizer use in Puerto Rico was compared to other Latin American and
Caribbean countries based on similar indexes developed by Martinelli et al.
(this issue). An indirect parameter to evaluate the efficiency of the N-fertilizer
use is the ratio of total cereal production to N fertilizer consumption for
all crops, which in turn is a crude proxy of the N use efficiency (NUE)
(Cassman et al. 2002).

Results

Fluvial fluxes of nitrogen

Land use in the studied watersheds ranged from highly urbanized in the Rı́o
Piedras (63% urban) to rural areas in the Rı́o Grande de Añasco (5% urban)
with some agriculture mainly of bananas, coffee, citrus, plantains, and yams
(Sotomayor-Ramirez et al. 2004). These watersheds and others with published
N export data were grouped into three land use categories: urban, agricultural-
rural, and forested (Table 3).

In general, urban and agricultural-rural watersheds had similar and highly
variable N yields (Table 3). Export of N from urban watersheds ranged from
4.8 kg N ha)1 year)1 in the Rı́o Bayamón watershed to 32.9 kg N ha)1 year)1

in the highly urbanized Rı́o Piedras watershed. Published N yields for urban
sewered and unsewered watersheds in Puerto Rico (Ramos-Ginés 1997) were
within this range. N export rates in agricultural-rural watersheds ranged from
6.9 kg N ha)1 year)1 in one of the tributary watersheds to Lago de Cidra to
33.3 kg N ha)1 year)1 in the Rı́o Grande de Añasco watershed, a value similar
to that computed for the urban Rio Piedras watershed. Both urban and agri-
cultural-rural watersheds had higher N yields than forested watersheds, which
ranged from 2.7 to 9.8 kg N ha)1 year)1 (Table 3).

Among all the watersheds, the Rı́o Grande de Añasco and the Rı́o Piedras
watersheds had the highest runoff (>1200 mm year)1; Table 1). To evaluate
the relationship between runoff and N yield, linear regression analysis was
developed for each land use category. No significant relationship was observed
between N yield and mean annual runoff for the urban and rural-agricultural
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watershed groups. A significant relationship, however, was found when the
watersheds from these two land use categories were combined. Similarly, the N
yield from forested watersheds was significantly related to mean annual runoff
(Figure 2). This analysis revealed that N yield in watersheds in Puerto Rico is
related to runoff and that under similar runoff conditions, urban and
agricultural-rural watersheds export more N per unit area than forested
watersheds.

Table 3. N yield of the studied watersheds and comparison with published estimates for other

watersheds in Puerto Rico.

Land use Basin N yield,

kg N ha)1 year)1
References

Urban Rı́o Grande de Loiza 16.4 (3.8) This study

Rı́o de Bayamon 4.8 (0.7) This study

Rı́o Piedras 32.9 (3.0) This study

Lago de Cidra Site 4

(sewered)

6.6 Ramos-Ginés (1997)

Lago de Cidra Site 5

(unsewered)

17.1 Ramos-Ginés (1997)

Agricultural-Rural Rı́o Grande de Añasco 33.3 (6.4) This study

Lago de Cidra Site 2 6.9 Ramos-Ginés (1997)

Lago de Cidra Site 3 8.6 Ramos-Ginés (1997)

Forested Rı́o Icacos 9.8 McDowell and Asbury (1994)

Quebrada Toronja 4.4 McDowell and Asbury (1994)

Quebrada Sonadora 5.9 McDowell and Asbury (1994)

Lago de Cidra Site 1 2.7 Ramos-Ginés (1997)

Values in parenthesis represent the standard error of the mean.
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Figure 2. Relationship between runoff and N yield for two land use categories in Puerto Rico.

The regression lines are significant at the p=0.05 level.
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Nitrogen export via wastewater

The average concentrations of total N in treated wastewater ranged from
18.0 mg l)1 at the Puerto Nuevo WWTP to 54 mg l)1 at the Carolina WWTP.
Average effluent flow ranged from 25.8 million gallons per day (mgd) at
Carolina to 55.6 mgd at Puerto Nuevo (Table 4). Per capita N load varied
between facilities from 3.5 at Puerto Nuevo to 11.8 kg N person)1 year)1 at
Bayamón. The average of the three facilities (9.6 kg N person)1 year)1) is
higher than that reported by Meybeck et al. (1989) (3.3 kg N person)1 year)1)
as a global average for sewered populations. When evaluated on a per unit area
basis, N export through wastewater (mean=139.6 kg N ha)1 year)1; Table 4)
is four times higher than the maximum rate of fluvial export reported for an
urban-agricultural rural area (33.3 kg N ha)1 year)1; Table 3) and as much as
52 times that of some forested basins in Puerto Rico (Table 3).

Atmospheric nitrogen deposition

In Puerto Rico, annual N2O emissions have increased 11% per year from 1990
to 1994 from 395 tons year)1 (full molecular basis) to 569 tons year)1, while
NOx emissions have increased 2.4% per year over this period from 97,307 to
106,544 tons year)1 (DNER 1999). Under a ‘business as usual’ scenario, N2O
and NOx emissions are expected to continue to increase in the future at 7.8 and
1.1% per year, respectively, from the 1994 level (Figure 3). Fuel combustion,
either from stationary or mobile sources, is the primary source of these emis-
sions. Burning of agricultural waste and fertilizer use are considered to be
negligible sources of NOx and N2O. No emission estimates exist for NH3.

The NADP PR-20 Luquillo Experimental Forest station is located upwind
from the SJMA and represents the rain chemistry associated with oceanic
moisture carried by the Easterly Trade Winds. Concentrations of inorganic N
(NO�

3 andNHþ
4 ) in precipitation have been increasing at this site over the last

Table 4. Export of N from primary WWTP in the SJMA. TN is total nitrogen.

WWTP Average effluent

conditions

Total N load,

(kg year)1)

Per capita N

load, kg N

person)1 year)1

Serviced

area (ha)

N yield,

kg N

ha)1year)1

Flow (mgd) TN (mg l)1)

Bayamóna 39.6 48.6 2,650,802 11.8 11,429 231.9

Puerto Nuevob 55.9 18.0 1,387,403 3.5 11,259 123.2

Carolinac 25.7 54.0 1,910,437 10.7 19,956 95.7

All 121.0 40.2 5,948,642 9.6 42,644 139.5

aData based on discharge monitoring reports from March 2002 to March 2004.
bData based on discharge monitoring reports from February 1997 to March 2004.
cData based on discharge monitoring reports from January 2000 to March 2004.
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18 years at a rate of 0.08 kg N ha)1 year)1 (Figure 4). Over the last five years,
the wet input of N to the site was on average 2.7 kg N ha)1 year)1. Howarth
et al. (1996) estimated NOy (ensemble of NOx and its reservoirs, such as HNO3

and N2O5) and NHx (NH3 þNHþ
4 ) deposition for the Caribbean by applying

estimates of N wet+dry deposition to the North Atlantic region modeled by
Propero et al. (1996). They estimated that, in the Caribbean, modern NOy is
deposited at a rate of 2.1 kg N ha)1 year)1 (wet+dry). Pre-industrial rates were
estimated to 0.7 kg N ha)1 year)1 with the difference of 1.4 kg N ha)1 year)1,
obviously attributed to anthropogenic activities. NHx deposition (wet+dry)
was estimated to 1.82 (modern), 0.83 (pre-industrial), with a difference of
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0.99 kg N ha)1 year)1 related to anthropogenic activities. The measured N wet
deposition rates in the Luquillo Experimental Forest station (1999–2003 aver-
age=2.7 kg N ha)1 year)1) are lower than the total modern estimate of
3.92 kg N ha)1 year)1 (for NOy and NHx; dry+wet deposition) by Howarth
et al. (1996). The difference is due to the fact that N dry deposition in Puerto
Rico is not included because of the lack of available data.

To date, there are only few studies that give estimates of N dry deposition in
tropical environments based on field measurements. Galy-Lacaux et al. (2003)
have estimated N wet + dry deposition to different ecosystems in West-central
and South Africa (DEBIT study). The relative contributions of dry N depo-
sition to the total N deposition rates in Africa given by Galy-Lacaux et al.
(2003) are 65% for dry savanna, 73% for wet savanna, 75% for forest, 59% for
rural dry Savanna and 37% for industrial area. Trebs et al. (2006) have esti-
mated wet+dry N deposition for a pasture site in the state of Rondônia
(Brazil), which is located in the Southwestern part of the Amazon Basin. Trebs
et al. (2006) found that during the late dry season (biomass burning) in Sep-
tember 2002, about 46% of the total N deposition was attributed to dry
deposition and the contribution of dry deposition to the total N deposition
dropped to only 31 and 22% during October (transition period) and November
(onset of the wet season, clean conditions), respectively. Thus, on average N
dry deposition may contribute approximately 30% to the total N deposition at
the disturbed Amazonian site.

Puerto Rico’s tropical climate is strongly affected by the Northeast trade
winds with significant maritime influence from the Atlantic Ocean, whereas
evergreen forest regions in West-central Africa are largely influenced by con-
tinental flows associated with the Northeast or Southeast trade winds. While in
Puerto Rico atmospheric chemistry is a complex mixture of marine aerosols,
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fuel combustion and others, in Rondônia, the main sources of atmospheric N
deposition are biomass burning and cattle ranching. Thus, neither the African
nor the Amazonian site may completely represent atmospheric N deposition
patterns in Puerto Rico. However, considering that the contribution of N dry
deposition to the total N deposition was about 70% for the African ecosystems
determined during the DEBIT study we would obtain a dry N deposition rate of
6.3 kg N ha)1 year)1 for the pristine Puerto Rican forest site. On the other
hand, taking into account the average contribution of 30% obtained by Trebs
et al. (2006) for the Amazonian pasture site, N dry deposition would be
1.16 kg N ha)1 year)1, which is much lower than the African estimate. Hence,
N dry deposition to the Puerto Rican forest site may be expected to range
from 1.16 to 6.3 kg N ha)1 year)1. The resulting total N deposition would vary
between 3.86 and 9.0 kg N ha)1 year)1. Nevertheless, it should be noted that (i)
the wet deposition estimate for the pristine forest does not include the poten-
tially important organic N fraction (cf. Cornell et al. 2003), (ii) N deposition
rates are probably much higher in regions of the island that are directly affected
by urban pollution from the SJMA, and (iii) intensive field measurements are
needed to reliably quantify Puerto Rican N dry+wet deposition rates.

Other nitrogen fluxes

In Puerto Rico, there is evidence that links modern agriculture with increased
nitrogen loading to ground water (Conde-Costas and Gómez-Gómez 1998).
However, contrary to the increasing trend in the use of N fertilizers worldwide
(Galloway and Cowling 2002; Howarth et al. 2002), the use of N fertilizer had
decreased in Puerto Rico from a maximum use of 10,093 tons N year)1 in 1996
to a minimum of 5067 tons N year)1 in 2002 (Figure 5), a reduction of 50%.
Over this period, cropland area in Puerto Rico decreased by 16% from 329,969
in 1993 to 271,440 ha in 2002 (USDA 2004). This decrease was counteracted by
a 20% increase in food imports from 1995 to 2004 from $1705.1 M to
$2052.2 M (Puerto Rico Planning Board 2005b). Table 5 shows that N
applications in Puerto Rico are low compared to the Latin American-Carib-
bean region and the World. This reflects that Puerto Rico is a low-intensity
agriculture country, dependent almost exclusively on food imports. It is
expected that significant amounts of N enter Puerto Rico through food
imports; however, the exact N fluxes associated with this activity are unknown.

Discussion

Nitrogen fluxes in tropical regions

Howarth et al. (1996) documented that N fluxes per unit area to the North
Atlantic Ocean were the highest in the highly disturbed watersheds of Northern
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Europe and Northeastern United States (14.5 and 10.7 kg N ha)1 year)1,
respectively) Atmospheric deposition of N and the application of fertilizers
have been considered the two major sources of N in these regions. In temperate
regions, N fixation becomes important only in the intensively cultivated Mis-
sissippi Valley, where N-fixing crops are abundant.

In the American tropics, Lewis et al. (1999) summarized N yields from 17
minimally disturbed watersheds in the Americas. They reported that N fluxes
averaged 5.08 kg N ha)1 year)1 (range=0.73–9.98) and that are strongly
correlated to mean annual runoff. When compared to Northern temperate
rivers (Howarth et al. 1996), these findings suggest that tropical undisturbed
watersheds have lower N yields. Apparently, in these tropical watersheds,
lower population densities, lower fertilizer applications, extensive mature for-
ests, and lower atmospheric N deposition kept these fluxes at a minimum.

Future land and demographic changes in the tropics associated with glob-
alization, however, may change the role of tropical watersheds in the global N
budget. This is because nearly 40% of global N fertilizer applications are
already taking place in the tropics and subtropics, a fraction that is expected to
increase to 75% by 2020 (Matthews 1994; Matson et al. 1999). Moreover, it is
estimated that about 75% of the global fuel-related N emissions will occur in

Table 5. Comparison of N fertilizer use in Puerto Rico during 2002 and regional estimates for

Latin American/Caribbean region and the World based on Martinelli et al. (this issue).

Puerto Rico LA-Ca World

Fertilizer per unit area, kg N/ha (2002) 16.9 34 60

Per capita fertilizer consumption, kg N/person 1.2 9 14
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Figure 5. Annual N fertilizer use in Puerto Rico. Data from AAPFCO (2002).
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the tropics and subtropics (Galloway et al. 1994). If development and indus-
trialization occurs in tropical developing countries as it has in the temperate
Northern developed countries, it is expected that atmospheric N deposition will
increase rapidly, such that tropical N-deposition may move to levels higher
than those of present industrialized temperate countries (Downing et al. 1999).

In fact, some tropical regions are already experiencing rapid landscape
transformations that match or exceed the N export from temperate industri-
alized areas. For example, the Piracicaba River is a heavily developed watershed
located in Southeastern Brazil with a mean annual runoff of 403 mm. Fluvial N
export in this watershed averaged 17.5 kg N ha)1 year)1 (Filoso et al. 2003).
Remarkably, fluvial N export in the Piracicaba River basin is similar to the
basins reported in this study of similar runoff (Cidra and Rı́o Grande de Loiza).
The fluvial N export rates reported for the Piracicaba River, Rı́o Piedras, and
the Rı́o Grande de Añasco basins are higher than those reported for the most
impacted industrialized zones in Northern Europe (Howarth et al. 1996). This
suggests that the role of disturbed tropical watersheds in the global N flux to
oceans may be more important than previously thought.

Tropical regions are considered important global carbon sinks (Schlesinger
1991). Because tropical forests are not generally N-limited (Martinelli et al.
1999) it is expected that under a future scenario of increased N deposition,
forest primary productivity in tropical regions may decrease due to increased
soil acidity and loss of soil fertility due to depletion of base cations (Matson
et al. 1999). Thus, increases in N fluxes in tropical regions can have significant
effects on the global carbon balance with negative consequences for tropical
societies, particularly on islands due to the effects of increased N fluxes on
N-limited coastal waters (Corredor et al. 1999a, b).

Challenges for nitrogen control in developing tropical islands

Land use change and water pollution control
While industrialization may have reached a steady state in most Northern
developed countries, developing tropical regions will likely experience rapid
land and demographic transformations as their economies change from
agrarian to industrial (e.g., Grau et al. 2003). A demographic trend that favors
natural reforestation of abandoned croplands due to human migration from
rural areas to cities has been documented in Puerto Rico and the Dominican
Republic (Zweifler et al. 1994; Aide and Grau 2004). In these islands, inhab-
itants from rural mountainous areas that depended on agriculture for subsis-
tence have migrated to urban centers out-competed by the highly efficient
modern farmers typically concentrated in the lowlands and attracted by the
wider job opportunities of coastal cities. This has resulted in the natural
reforestation of abandoned agricultural highlands.

N fluxes in these countries are likely to change with reforestation favoring N
sequestration and urbanization increasing N losses. Pre-development N export
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in tropical rivers averages 5 kg N ha)1 year)1 (Lewis et al. 1999; McDowell
2002). For Puerto Rico, N export from forested watersheds ranges from 3 to
10 kg ha)1 year)1 (Table 3). With urban growth, there is an increase in
wastewater generation and a need for proper treatment and disposal. Without
adequate wastewater treatment, pollution of inland and coastal waters occurs.
In 2000, the World Health Organization (WHO) reported that about 77% of
the population in Latin American and the Caribbean did not have access to
adequate water sanitation systems (Gleick et al. 2002). The WHO defines
adequate sanitation broadly as the hygienic separation of human feces from
human contact. In coastal urban centers, such as those in Puerto Rico, this
implies primary treatment of wastewater, which does not remove N. This result
in an increase in the load of N to the ocean of about two orders of magnitude
higher than the load associated with urban and forested watersheds (Table 3;
Figure 2).

Although the current waste treatment practices generally meet regulatory
standards, they alter the nutrient balance and biogeochemical processes of
Caribbean coastal ecosystems (Corredor and Capone 1985; Corredor et al.
1992, 1999a, b; Morel and Corredor 1993; Corredor and Morel 1994; Mos-
quera et al. 1998). In tropical developing islands, such as Puerto Rico,
improvements of the wastewater treatment system for nutrient removal, par-
ticularly N, are necessary to protect coastal ecosystems. This can be accom-
plished with tertiary treatment technology or less conventional procedures such
as terrestrial application of wastewater or constructed wetlands.

Currently, the WWTPs in the SJMA are granted waivers that allow for
disposal of sewage receiving primary treatment only into receiving waters. The
waiver was granted by the U.S. Environmental Protection Agency following
guidelines established under Section 301(h) of the Clean Water Act. This
waiver allows eligible WWTPs that met environmentally stringent criteria to
receive a modified National Pollutant Discharge Elimination System permit
waiving the secondary treatment requirements for the conventional pollutants
biochemical oxygen demand (BOD5), suspended solids (SS), and pH. Under
the waiver, EPA requires PRASA (among other requirements) to protect and
propagate a balanced indigenous population of shellfish, fish, and wildlife in
the receiving waters, to meet water quality standards set by EPA and by the
Puerto Rico EQB, to establish a monitoring program to assess impacts. In
2000, the EPA and the Puerto Rico Commonwealth reached an agreement by
which PRASA will upgrade its primary WWTPs to provide secondary treat-
ment by year 2020. The capital investments associated with these improve-
ments are large and thus represent a challenge to Puerto Rico. However, the
health benefits associated with improved sanitation and the economic and
ecological values of clean beaches should warrant these investments.

Control of atmospheric emissions
Balancing N fluxes for pollution control through reforestation and improved
sanitation undoubtedly represent a challenge in developing tropical islands.
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However, controlling N emissions will be equally important if forests are to
continue sequestering N. The increased wet deposition of inorganic N observed
in the Luquillo Experimental Forest in Puerto Rico (Figure 4) and the pre-
dicted inverse relationship between primary productivity in N-limited tropical
forests and N deposition (Matson et al. 1999) suggests that N emissions to the
atmosphere may alter the ability of tropical forests to retain N.

In 1999, the Commonwealth Government of Puerto Rico set a strategic plan
to reduce by year 2010 the emissions of greenhouse gases by 10% of the 1990
emission level of 30.9 million tons of CO2 equivalents; a net reduction of
10.4 million tons of CO2 equivalents. The plan calls for improved efficiency in
the energy sector with implementation of alternative energy sources (other than
crude oil) such as Ocean Thermal Energy Conversion (OTEC), solar, wind,
and natural gas. Also, the plan includes changes in transportation to favor the
use of cars with increased fuel efficiency, reduction in traveled miles, and the
use of mass transportation such as urban trains. Finally, reforestation and
recycling of household wastes will be promoted under the plan. These plans
represent an important effort to control emissions of greenhouse gases with
benefits at the local and global scales. The observed increase in N wet depo-
sition in the Luquillo Experimental Forest (Figure 5) suggests that local or
regional emissions may already affect relatively pristine tropical forests.

Conclusions and recommendations

Quantifying N dynamics on the island of Puerto Rico is essential to protecting
economically and ecologically valuable coastal resources that are threatened by
increased N inputs. Our analysis indicates that there are serious gaps in
understanding of N inputs, transformations (denitrification) and temporal
trends that limit the ability of managers to deal with issues of coastal eutro-
phication. The most important gaps are: (a) those associated with atmospheric
N deposition, (b) N fixation in natural and human-dominated landscapes, and
(c) denitrification in both terrestrial and aquatic portions of the landscape.
Each of these is a quantitatively significant process that affects N delivery to
the coast, but both the spatial variability and trends over time of these
processes are largely unknown.

A more comprehensive quantification of atmospheric N deposition for the
island is central to a better understanding of Puerto Rico’s N budget. The
presence of only one wet deposition measurement station at a relatively pristine
site and the absence of systematic dry deposition measurements provide only
limited quantitative information about one of the major N inputs to the island.
Given the significant increase of N wet deposition during the last 18 years
(�1.44 kg N ha)1 year)1) at a station that is relatively unaffected by pollution
from the SJMA, it is imperative that atmospheric deposition (wet+dry)
is monitored in parts of Puerto Rico that are receptors of urban pollution.
N deposition rates in these areas are expected to be comparable to moderately
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polluted urban regions in the temperate latitudes and changes over time are
probably much greater than those measured in the Luquillo Mountains of
Northeastern PuertoRico. Additional information onN inputs to forested lands
due to N fixation would also be useful. Past estimates of N fixation range from 8
to 16 kg ha)1 year)1 (McDowell and Asbury 1994), and rates in suburban and
lowland forests are unknown. Conversion of agricultural lands to forest and
urban development may have offsetting effects on landscape-scale N inputs due
to N fixation, with higher rates in secondary forests offsetting the lower rates in
urban areas.

Denitrification is a particularly important process for environmental man-
agement because it removes N from soils, streams and rivers and returns it the
atmosphere as N2. Moreover, denitrification is a process that either consumes
or produces N2O and NO, which are both environmentally relevant trace
gases. The rates of denitrification in terrestrial and aquatic ecosystems are
poorly constrained for the island of Puerto Rico, but are thought to be
quantitatively significant in forests (Erickson et al. 2001; Mosier et al. 1998;
McSwiney et al. 2001), at the land–water interface (McDowell et al. 1996;
McDowell 2001; Chestnut and McDowell 2000), and perhaps in the channels
of streams and rivers (Peterson et al. 2001). The warm, wet conditions in much
of Puerto Rico, together with the high rates of primary productivity, make the
potential for denitrification particularly large in the riparian zone of streams
and rivers (McDowell 2003). A particularly important area of research will be
to assess landscape-scale rates of denitrification under two contrasting sce-
narios – on-site disposal of human waste (septic systems) vs. centralized sewage
treatment. With on-site disposal, there may be greater potential for denitrifi-
cation, but there is less control over the quality and effectiveness of the
treatment systems and hence greater potential for spatial variability in rates of
N delivery to surface waters. With centralized sewage treatment plants,
riparian denitrification no longer occurs, and instead N is introduced directly
into surface waters, where denitrification may also be occurring. Assessing the
environmental costs and benefits of both treatment approaches will be critical
to protecting water quality as decisions are made about whether outmoded on-
site systems are refurbished, or replaced with centralized sewage treatment
plants.

In conclusion, Puerto Rico exemplifies how increased population, coupled
with changes in land use and increased industrial development has affected the
N dynamics in a tropical Caribbean island. In the future, the development of a
comprehensive monitoring network that assesses inputs and outputs of N is
needed in Puerto Rico. At the whole-island scale, measures of N imported in
food and feed are required. For other fluxes, a watershed approach should be
taken in which a few representative sites with varying land uses and some
historical data on water quality are studied long-term to determine how trends
of N export in rivers relates to changes in inputs and land use in the study
watersheds. A particularly important aspect of watershed N dynamics would
be to document the magnitude of denitrification in terrestrial and aquatic
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environments. Understanding the controls on denitrification might provide
extremely useful tools for reducing non-point sources of N to coastal waters.
Such information will allow a predictive understanding of the N budget under
scenarios of climate and land use changes under tropical island conditions.
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Abstract. Large-scale changes in land use are occurring in many tropical regions, with significant

impacts on nitrogen and phosphorus biogeochemistry. In this study we examine the relationships

between land use, anthropogenic nutrient inputs, and riverine nutrient exports in a major agricul-

tural watershed of the Pacific coast of South America, the Guayas River basin of Ecuador. We

present comprehensive nutrient budgets for nitrogen (N) and phosphorous (P) for the Guayas River

basin and 10 sub-watersheds. We quantify the four major anthropogenic nutrient fluxes into and out

of the region: N and P fertilizer application, N fixation by leguminous crops, net import/export of N

and P in agricultural products (food and feed), and atmospheric deposition. We also estimate inputs

of N from biological N fixation in forests and of P fromweathering sources in soils and bedrock. The

sum of these sources represents net inputs of N and P to each watershed region. Overall, synthetic

fertilizers are the largest input to the Guayas Basin for N (53%) and P (57%), and the largest outputs

are N and P in crops. Losses of N and P in river export account for 14–38% of total N and P inputs,

and there is significant accumulation of N and P, or unmeasured forms of N and P export, in most of

the sub-basins. Nutrient balances are indicative of the sustainability of land use practices in a region,

where a negative balance of N or P indicates nutrient depletion and subsequent loss of soil fertility,

yield, and economic viability. Although the nutrient balance of the entire Guayas Basin is positive,

there are negative or near zero balances in two sub-watersheds with extensive banana, coffee and

permanent crops. In these basins, degradation of soil quality may be occurring due to these net

nutrient losses. Our data show that nutrients are leaving the basin primarily as export crops, with

riverine losses of nutrients smaller than crop exports. Nonetheless, there is a direct relationship

between nutrient inputs and river outputs, suggesting that agricultural management practices in the

basin may have direct impacts on N and P delivery to the highly productive Guayas estuary.

Introduction

Large-scale land-use changes are occurring in the tropical Americas that have
important implications for the future of freshwater and coastal marine eco-
systems and their management (Yanez-Arancibia and Lara-Dominguez 1998).
However, relatively little is known about the potential impact of land use
alteration on the large-scale biogeochemistry of tropical aquatic ecosystems
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(Vitousek et al. 1997; Downing et al. 1999). Rapid population growth and the
rising international demand for tropical crops has resulted in the conversion of
vast land areas to intensive agricultural production in Ecuador, as is typical for
many other developing tropical regions of the world (Houghton 1994; Skole
et al. 1994). Agricultural production was dominated by cacao in the
1920–1930s, and from the 1950s to the present bananas have been the most
important agricultural export product of Ecuador. Recently the land devoted
to these export crops has increased; between 1980 and 2000 harvest area in-
creased by about 140,000 ha for banana and 160,000 ha for cocoa (FAO 2002).
Other export products, such as oil during the 1970s and shrimp farming in the
1980s, have exacerbated deforestation of the Amazonian region and the
mangrove forest in coastal areas. The economic gain from exporting these
products to meet international demands has been the driver for the defores-
tation and land use change in Ecuador and also in the Guayas Basin.

Extensive conversions in land use typically result in dramatic changes to
regional hydrology (Bruijnzeel 1996; Cronan et al. 1999), alterations of bio-
geochemical cycles (Boyer and Howarth 2002), losses of nutrients such as
nitrogen and phosphorus (Caraco 1993; Howarth et al. 1996), and soil deg-
radation (Cole et al. 1993; Ojima et al. 1994). Previous studies in temperate
and tropical areas have found strong linkages between large-scale changes in
land use and associated nutrient fluxes in land and waters (Van den Bosch
et al. 1988; Galloway et al. 1995; Howarth et al. 1996; Valiela and Bowen
2002; Boyer et al. 2002; Boyer and Howarth 2002; Filoso et al. 2003; Van
Breemen et al. 2002).

Our work focuses on the Guayas Basin in Ecuador, which is the largest
tropical agricultural watershed and estuarine system on the Pacific coast of
South America. The Guayas Basin was chosen for study because it is experi-
encing severe environmental consequences associated with nutrient loading.
This important estuary and coastal zone is experiencing major problems such
as eutrophication, sedimentation, and pollution driven by urbanization, agri-
culture, aquaculture, and deforestation (Lacerda et al. 2002).

We examine the relationship between land use, anthropogenic nutrient in-
puts, and surface water nutrient exports in the Guayas watershed. We first
develop comprehensive nutrient budgets for nitrogen (N) and phosphorous (P)
for the overall Guayas river basin, 10 of its sub-watersheds, and subsequent
nutrient loadings to the Gulf of Guayaquil. This budgeting method is useful as
it provides a uniform way to quantify inputs (sources) and outputs (fate) in the
region (Howarth et al. 1996; Van Breemen et al. 2002). Our nested-basin ap-
proach allows us to explore transfers and flows of nutrients within the Guayas
region over a range of scales from cropland, watershed, and regional (Smaling
and Oenema 1997). Next, we interpret the nitrogen and phosphorus budgets as
an indicator of sustainable agricultural practices with respect to soil fertility
(Pierzynski 1997). Further, we explore the relationship between nutrient inputs
and subsequent nutrient loadings to the coastal zone, where water quality
problems associated with eutrophication are a major concern.
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Study area: the Guayas Basin

The Guayas Basin lies along the Pacific, draining a land area of 32,024 km2

into the Gulf of Guayaquil (Figure 1a, 1b). A diversity of ecosystems is
characteristic of this region: estuarine mangrove areas, dry and humid for-
ests, Andean paramo, and agricultural land. Economic activities in this basin
have changed the land use and water quality in the estuary enormously over
the past 20 years (Southgate and Whitaker 1994; CAAM 1996; Twilley et al.
1998). Three main anthropogenic activities have impacted the Guayas Basin
landscape: urban-industrial development, monoculture agriculture (banana,
palm, soy, sugar cane, rice, and maize), and more recently shrimp pond
aquaculture at the outlet of the Guayas Basin (Southgate and Whitaker
1994; Falconi-Benites 2000). The Guayas region is economically important
in Ecuador because it produces 68% of the national crops, 73% of corn,
88% of bananas, 89.6% of export shrimp, 39% of cattle, and 50% of
industry and manufacturing (Comisión Asesora del Medio Ambiente,
CAAM 1996).

Figure 1. Watersheds and river systems in the Guayas Basin draining to the Guayas Estuary and

the Gulf of Guayaquil in Ecuador.
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Climate

The Guayas Basin is a humid tropical system, characterized by high solar
radiation, temperatures, rainfall, and humidity. The annual mean temperature
of the Guayas Basin is 24.8 �C, with lowest mean monthly temperatures in
September (23 �C) and highest mean monthly temperature in April (35 �C) at
Guayaquil. In the mountains toward the Andes, minimum temperatures can
drop to 0–10 �C (Comision Asesora del Medio Ambiente, CAAM 1996). The
basin is characterized by a rainy season from December to May each year.
Mean annual precipitation is 1462 mm and ranges from 1060 to 2316 mm, with
variations related to West-East orographic factors. In dry years precipitation
can drop to 400 mm and it can increase to 4000 in wet years such as during El
Nino events. March is the wettest month, with a mean precipitation of
365 mm; August is the driest month with a mean of 9.8 mm. Seventy eight
percent of total precipitation occurs between January and April (CAAM 1996).

Watershed

We used elevation data from the USGS international elevation derivative
database at 90 m resolution (USGS 2003) to delineate the boundaries of sub-
watersheds within the Guayas River basin. We chose 10 sub-watersheds
(Table 1) located along two main rivers, the Daule, and Babahoyo (Figure 1).
The Daule and Babahoyo rivers merge downstream to form the larger Guayas
River and subsequently the Guayas Estuary and Gulf of Guayaquil.

Table 1. Characteristics of the study sub-basins within the Guayas River basin.

ID Name Basin Area

(km2)

% Pop.

density

(hab km)2)

Elev.

(m)

% Coverage

Forest Crop Pasture Water Othera

1 Guayaquil Daule 1360 4.2 350 83 6.4 38.1 1.7 5.6 48.2

2 Daule Daule 1795 5.6 53 198 7.9 51.3 17.8 0.4 22.6

3 Sta Lucia Daule 3404 10.6 55 209 55.8 31.5 10.3 0.3 1.3

4 Balzar Daule 1345 4.2 81 123 30.4 44.5 23.9 1.2 0.0

5 Pichincha Daule 3768 11.8 30 216 40.6 35.1 16.2 6.8 0.9

6 Peripa Daule 506 1.6 100 274 70.0 28.7 1.2 0.2 0.0

7 Ricaurte Babahoyo 3567 11.1 49 1131 48.4 41.6 2.3 0.0 7.6

8 Babahoyo Babahoyo 2894 9.0 53 551 24.1 68.7 6.1 0.4 0.7

9 Samborondon Babahoyo 8767 27.4 89 305 31.5 62.3 4.4 0.2 0.9

10 Yaguachi Babahoyo 4621 14.4 86 2152 11.2 56.5 7.7 0.1 23.9

Total Guayas 32,026 100.0 90 29.0 52.0 9.0 2.0 8.0

When sub-basins are nested along the river network (downstream of each other), only the drainage

area below any upstream sampling points is included in the sub-basin.
aOther is largely urban in watershed 1, shrubs in basin 2 and barren land (including paramo) in

basin 10.
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The Guayas Basin can be classified into four zones: the estuary of the
Guayas (0–7 m a.s.l.), the lowlands (7–50 m a.s.l.), the uplands (>200 m a.s.l.),
and the highlands and paramos (> 1500 m a.s.l.). The Guayas estuary is a
highly productive ecosystem both biologically and economically, and is a
significant resource for shrimp aquaculture, which in 1998 generated 15% of
the value of all Ecuadorian exports (Banco Central del Ecuador 1998).
Mangrove forest ecosystems surround the estuary and are characterized by
water-saturated soils (entisols and aquents) with poor drainage.

The lowlands of the Guayas Basin are primarily found downstream of the
Babahoyo River, in the Lower Basin of the Guayas (Figure 1). This region is
flat flood plain that is cross-cut by many rivers. Alluvial soils of volcanic origin
are common in this region, and they are typically sandy clay soils with variable
texture that are usually well drained. In these fertile river valleys the inhabitants
have developed intensive agriculture focusing on banana, sugar cane and rice.

The Upper Basin of the Guayas is the area located upstream of the Daule
River, and contains most of the uplands in the basin. The main characteristic
of this region is its irregular topography that favors forest plantations and
conservation of native forest; soils are entisoils and alfisoils. An important
landmark of this region is the major Daule-Peripa Dam located in the
Pichincha watershed (Figure 1). This reservoir has a capacity of 5.4 km3, a
flooded area of 27,000 ha, and a total average water discharge of about
71 m3 s)1 (CAAM 1996; CEDEGE 2001). Purposes of this dam include irri-
gation, water diversion, drinking water supply, salinity control, as well as a
hydropower generation capacity of 213 MW yr)1 (CEDEGE 2001).

The highlands and paramos are located in the foothills of the Andes
Mountains. Soils in this region have low fertility, and support low human
density. Only a small portion of the basin (21%) is located in the highlands.

Land use

Biophysical factors such as soil and climate, as well as socio-economic vari-
ables such as availability of labor, local need for food crops and animal
products, drive changes in land use (Southgate et al. 1991). We used a high
resolution base map to describe land use in the Guayas Basin that was first
developed by the Comisión de Estudios para la Cuenca del Guayas (CEDEGE
2000). This original vector map was processed using a geographic information
system and classified into the 16 major land use and agricultural crop types of
the region (Table 2). The original land use map had an aggregated classifica-
tion of ‘permanent’ and ‘annual’ crops that was maintained in this analysis.
Permanent crops consist of a combination of banana, sugar cane, fruit trees,
plantain, African palm, cacao, and coffee; annual crops include a combination
of maize, rice, soybeans, and vegetables (INIAP 2000). We assigned fertilizer
inputs to these two land use categories (permanent and annual crops) in each
sub-watershed of the Guayas by first estimating the area fraction of each
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individual crop (e.g. cacao, maize, etc.) from interviews with farmers and local
agricultural agents, and multiplying this area by typical fertilizer application
rates for each individual crop in this region of Ecuador (Table 2). Large
quantities of inorganic fertilizer such as urea, ammonium sulfate, super
phosphate and diammonium phosphate are applied as routine agricultural
practice in the Guayas Basin (INIAP Manual Técnico No 26). Irrigation in the
Guayas Basin is uncommon due to economic constraints, and most farmers
must rely on the seasonality of rain for their agricultural practices.

The pastures and forest include both cultivated and natural varieties. The
most common forest species in the basin are Teak (Tectonis grandis), Cedro
(Cederela odorata), Pachaco (Schizolobium parahybium), Guadua Cane
(Guadua angustifolia), and Balsa (Ochrona kagopus). The native forest includes
species such as Samanes (Albicia samanea), Algarrobo (Prosophis juliensis),
Guabo (Inga coruscans), and Leucaena (Leucaena leucacephala) that are
leguminous and may represent between 5 to 10% of the forest biomass. Local
management practices mix native forest species with pastures such as saboya
(Panicum maximun), elefante (Perisetum purpurem), or Janeiro (Eriochloa
polystachya H.B.K.) in order to improve soil fertility (Borbor V. J. 1960; Victor
A. Borbor and Carlos Martinez, personal communication).

Population

We calculated population density using census data from the Instituto de
Estadisticas y Censos del Ecuador (INEC 2001) geo-referenced to the ‘par-
roquias’ digital map (Almanaque Electronico Ecuatoriano (AEE) 1998), which

Table 2. Agricultural land use and fertilizer application rates within the Guayas Basin.

Land use Area

(km2)

% of

Guayas

N fertilizer

(kg ha)1 yr)1)

P fertilizer

(kg ha)1 yr)1)

Permanent crops and other 2783 9 99 13

Annual crops and other 8801 28 58 6

Cocoa and coffee 381 1 90 8

Banana 1221 4 250 20

Maize 331 1 46 5

Sugar cane 481 2 150 20

Rice 2222 7 68 0

Pastures, native & cultivated 2805 9 0 0

Paramo & pasture 1325 4 – –

Forests (native & cultivated) 9206 29 0 0

Shrubs & barren lands 1169 4 – –

Shrimp ponds 19 0 200 70

Urban 223 1 – –

Mangroves 8 0 – –

Water 487 2 – –

Soybeans 495 2 50 10

140



is the basic administrative unit of Ecuador. In the year 2000 the population
density ranged from 10 to 650 inhabitants ha)1, an increase over 1990
values (4–472 inhabitants ha)1). The most urbanized city is Guayaquil
(650 people ha)1) at the outlet of the Guayas Basin (Figure 1). Its population
has grown from 1.5 million to 2.5 million over the past 10 years, and it is the
largest city in Ecuador. The annual population growth for Guayaquil city has
averaged 1.7%, compared to an average of 0.8% annually in rural areas
(ECLAC 1999). These data indicate an intense migration to the urban area and
even a reduction in population in some areas of the countryside. Five million
people (40% of the national population) live in the Guayas Basin, which
contains 27 of the 50 most populated cities of Ecuador (INEC 2002).

Methods

In overview, we developed nutrient budgets by combining spatial land use,
demographic, and economic data obtained from census or remotely-sensed
approaches with data derived from field and literature studies. The major fluxes
of N and P within each of the 10 sub-watersheds of the Guayas Basin were
calculated. Sources of nutrient inputs include atmospheric deposition, fertilizer
application, biological fixation by agricultural and forest/leguminous crops,
and net import or export in food and feed.

Nutrient inputs to the Guayas Watershed

Inputs from fertilizer use
Fertilizer use was calculated from knowledge of nitrogenous and phosphate
fertilizer application rates based on data collected by INIAP (Instituto de
Investigaciones Agropecuarias 2000) and from interviews that we conducted
with farmers in the region during the 2002 sampling season. The quantities of
N and P fertilizer entering the watershed were estimated by multiplying the rate
of fertilizer application (kg ha)1 yr)1) by land area harvested for each crop,
subsequently adding them to obtain a weighted fertilizer input for each wa-
tershed (Table 2). The highest rates are for banana, coffee, sugar cane, and
shrimp; all but sugar cane are export crops.

Inputs from biological fixation
Fixation in cultivated crop lands and in other vegetated lands that host sym-
biotic, N-fixing bacteria is a significant source of new nitrogen to each
watershed region (Cleveland et al. 1999) Biological N fixation in agricultural
lands (leguminous and pastures) and forests was calculated using N fixation
rates reported in the literature. The most important rhizobium/legume crops in
Ecuador are beans (Phaseolus vulgaris), soybeans (Glycine max), and peas
(Pisum sativum). These crops normally fix 40–168 kg ha)1 yr)1 (Freire 1982;
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FAO 1999; De Koning 1999). We chose values near the low end of this range
because the P-availability in the soils of Ecuador is generally low, therefore
limiting N-fixation (Smaling et al. 1993). Fixation rates used in this study are
listed in Table 3.

Inputs from atmospheric deposition
The spatial distribution of nutrient inputs from wet deposition was estimated
based on published correlations of deposition with rainfall in the region.
Following the methods of Stoorvogel (1993) and De Koning (1999), nutrients
in wet deposition can be approximated by N=0.14�rn and P = 0.023�rn,
where rn is rainfall (mm yr)1), and N and P are the nutrient inputs
(kg ha)1 yr)1). Digital rainfall maps were obtained from the Almanaque
Electronico Ecuatoriano (AEE 1998).

Inputs in food and feed transfers
Transfers of nutrients in agricultural products account for a significant
re-distribution of N and P among the Guayas watersheds and to other regions,
highlighting the importance of agricultural trade. The flows of nutrients from
primary production (crops) to secondary production (animals) and then to
households both inside and outside the region are driven by factors such as
socio-economic status and agricultural practices. Animal waste and human
waste are not considered as new inputs, as they represent recycling within a
region; these terms are included in the estimate of N and P as part of the net
food and feed (Boyer et al. 2002). We estimated the net import or export of N
and P in food (for humans) and feed (for animals) in each watershed as a mass
balance difference between food produced and consumed within the watershed
(Boyer et al. 2002). This can be further disaggregated into the components
associated with human food and animal feedstocks: Net food import=human
consumption) crop production for humans) animal production for humans;
and similarly Net feed import=animal consumption) crop production for
animals. Details of the method are summarized below:

� We calculated rates of human consumption based on dietary intake of N and
P per year, multiplying the intake per capita per year by the population
density of each watershed. We assumed that Ecuadorians consume 4 kg N
and 0.66 kg P per year (OPS 1994).

Table 3. Nitrogen fixation rates in cultivated croplands and in forests used to determine rates of

N fixation in sub-basins.

Crop-legume type or forest N fixation (kg N ha)1 yr)1) Source

Bean, soybean 25 Freire (1982)

Grassland (cultivated and native) 10 De Koning (1999)

Wetland rice 15 De Koning (1999)

Forest (cultivated and native) 25 Freire (1982)
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� We estimated crop production for human food from agricultural data on the
nutrient content of food products grown in the watersheds, as detailed in
Table 4.

� We calculated rates of animal consumption based on dietary needs for their
intake of N and P consistent with agricultural management practices, based
on the rates indicated for each type of livestock in Table 5. Livestock data
were obtained from Ecuador’s Agricultural Census (INEC 2001).

� We estimated crop production for animal feed from data on animal
consumption in the region, which include maize, soybeans, sub-standard
banana fruits, and annual crop residues. The rest is provided by pastures.
The percentages of these crops used for animal consumption are 90, 90, 10,
and 20, respectively. The total pasture production is for animal consumption
(V. Borbor, personal communication).

� We quantified animal production for human foods (i.e. meat, milk, and eggs)
as the difference between animal feed consumption (intake) and animal
excretion (manure waste production). Nutrient demands for animals that are
not met by locally grown produce are assumed supplemented by feed
imports.

� There is little information about the rate of excretion by animals in Ecuador,
thus we used rates from other regions (Table 5). We took the data for demand
or excretion (in units of kg head)1 yr)1) and weighted them by the number of
animal heads per watershed, based on animal inventory data for the region
from the agricultural census. P demand in kg P head)1 yr)1 is calculated as: P
in dry matter/P excretion * 100; while P excretion in kg P head)1 yr)1 is
calculated as: amount manure * % solid manure * % dry matter * P content
(Table 5). (Sibessen and Rutger Metzger 1995; Van Horn 1998).

Nutrient exports in the rivers of the Guayas Basin
We estimated annual exports of nutrients from each sub-watershed as the
product of seasonal flow and nutrient chemistry for the wet and dry season at
each station. Nutrients were sampled monthly during the wet and dry season at
10 stations along the Daule (stations 1–6) and Babahoyo Rivers (stations
7–10), the major sub-watersheds in the Guayas (Figure 1). We sampled three
times during two wet seasons (February–May, in both 2002 and 2003) and
twice in one dry season (August–September 2003). A total of 240 samples were
collected during the fieldwork. For nested watersheds, we report the total
nutrient export for the accumulated sub-watersheds located upstream of our
sampling stations. Practical considerations (safety and access) dictated that
some natural watershed units could not be sampled precisely at their mouths.
In these cases, we have assumed that the chemistry at the point sampled is
representative of chemistry at the watershed mouth.

At each station, we took three surface samples in a transect across the river
for analysis of total dissolved nitrogen (TDN) and total phosphorus (TP).
During all the fieldwork we filtered (Whatman GF/F;0:7 lm nominal pore size)
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and froze the 240 TDN samples immediately after collection in Ecuador and
they were kept frozen until they were analyzed at the Water Quality Analysis
Laboratory of the University of New Hampshire using high temperature
combustion (Merriam et al. 1996). About 40 samples were not filtered and
were kept frozen until analysis for TP in the Chemistry Laboratory of the
Instituto Oceanografico de la Armada del Ecuador using persulfate digestion
followed by ammonium molybdate analysis of phosphate. For 26 samples
collected during the wet season 2003, we examined the magnitude of particulate
N losses in this basin relative to TDN losses. Particulate N was measured
directly on glass fiber filters (Whatman GF/F) with N analysis of the whole
filter using a Perkin Elmer 2400 CHN analyzer.

We estimated average annual mass loadings of TDN and TP using measured
concentrations and estimated streamflow at the 10 sampling stations. We
obtained daily streamflow data for the Pichincha and Ricaurte (upstream) and
Daule and Babahoyo (downstream) stations for the years 2002–2003. We used
historical monthly stream flow data collected since 1980 to calculate average
monthly and annual streamflow at these stations. These data were provided by
the Instituto de Hidrologia y Meteorologia (INAMHI) and the Comision de
Estudios para la Cuenca del Guayas (CEDEGE). We used these data to esti-
mate flow in each of our sampling stations using a linear regression of
streamflow as a function of the sub-watershed accumulated area. We used a
simple volume-weighted mean concentration for calculating mean annual
fluxes for 2002 and 2003 and subsequently averaged the 2 years (Webb et al.
2000). Annual Load =R½ci � qi�=RqiÞ � qannual; where ci=concentration for
samples collected; qi=flow at the time of collection; and qannual=annual flow).

Results

Our watershed-specific N and P budgets allow us to evaluate the impacts of
various land uses and agricultural practices on nutrient retention and losses.

Nitrogen budget

At the level of the Guayas Basin, fertilizer applications are the dominant source
of N inputs (57% of total N inputs), and food exported out of the basin is the
largest loss (30.1 kg N ha)1 yr)1, which represents 43% of total N inputs)
(Table 6). A relatively small fraction of total basin inputs (10 kg N ha)1 yr)1;
14%) is delivered to the Guayas estuary by the Guayas River. At the sub-
watershed level a positive N balance was found in 9 of the 10 sub-watersheds
(Table 6). The specific fluxes of nitrogen are described as follows.

Atmospheric deposition
Nitrogen deposition varied from 3 to 7 kg ha)1 yr)1 in a gradient across the
watershed in accordance with rainfall patterns. We estimated a minimum value
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of 3.6 kg N ha)1 yr)1 in the Yaguachi watershed (South-East) and a maximum
value of 7.4 kg N ha)1 yr)1 at the Peripa watershed (North). Overall, this
estimated atmospheric nitrogen input represented 8% of the total nitrogen
input to the entire Guayas Basin.

Fertilizer use
Annual fertilizer N inputs ranged from a mean of 19.4 kg ha)1 yr)1 in a for-
ested watershed (Sta Lucia) to over 57.5 kg ha)1 yr)1 in the highly agricultural
Babahoyo watershed (Table 6). Watersheds with permanent export crops had
the highest rates of fertilizer input per area. The Babahoyo and Samborondon
watersheds received high inputs of fertilizer N, due to the high application rate
to crops such as banana and sugar cane (150–250 kg N ha)1 yr)1) and coffee
and cocoa (90 kg N ha)1 yr)1). The rate of N inputs to the individual sub-
watersheds was related to the percentage of cropped lands in each sub-wa-
tershed (r2=0.41, p<0.05; Figure 2a).

Net food imports
The crop biomass produced for human consumption exceeded local con-
sumption in all but the urban watershed (Guayaquil), which imports
1.9 kg N ha)1 yr)1 as food. The remaining study watersheds exported food
products, resulting in a net N export that ranged from 13.2 to
48 kg N ha)1 yr)1 (Table 6).

Net feed imports
Livestock density varied greatly across the region and livestock were significant
in watershed N budgets. Most of the sub-watersheds imported additional feed
beyond that which was grown in the sub-watershed, and this import was up to
57 kg N ha)1 yr)1 (Ricaurte sub-watershed). Only two sub-watersheds pro-
duced surplus feed, primarily maize, which accounted for up to
)15 kg N ha)1 yr)1 (Table 6). Overall, feed N imported into the Guayas Basin
represented 25% of total N inputs.

Nitrogen fixation by plants
Nitrogen fixation by leguminous crops and agricultural land (pastures, wetland
rice, and soybeans) ranged from an average of 2.2 kg N ha)1 yr)1 in Peripa
(location above the dam reservoir) to 11.1 kg N ha)1 yr)1 in Samborondon
where the dominant land use is wetland rice (32%), which is associated with
nitrogen-fixing blue green algae. Forest fixation added a small amount of N
input to the budget. The Daule watershed had the lowest value of N fixed by
forested land at 1.7 kg N ha)1 yr)1, in which forest is only 7% of the total
area, and the maximum occurred in the Sta Lucia and Pichincha watersheds
with a mean of 9.6 kg N ha)1 yr)1 (Table 6) with a dominant land use of forest
(40–50%). In the overall watershed, N fixation by agricultural land and forest
contributed 6 and 9% of the total N input, respectively.
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Overall nitrogen inputs
The magnitude and relative importance of the N inputs varied widely by sub-
watersheds along the Daule and Babahoyo Rivers (Table 6). N fertilizer input
and net food imports/exports were the largest inputs and outputs across the
sub-watersheds. Total inputs of N to each sub-watershed ranged from
42.8 kg N ha)1 yr)1 in the sub-watersheds of Sta Lucia and Daule to
113 kg N ha)1 yr)1 in the Babahoyo, where cultivation of banana (a perma-
nent export crop) is the dominant land uses. Land use was a key driver of the N
sources at the overall watershed scale of the Guayas Basin. Fertilizer was the
largest input of N to the watershed (53% of total inputs), N fixation accounted
for 15% of total inputs, and atmospheric deposition 8%. Crop production for
animal feed was highly variable from one watershed to another; at the entire
basin scale local food production was not enough to meet the needs of the
human and animal populations, and thus we assumed there is a net import of
feed from other regions (25% of total inputs to the Guayas basin).

Nitrogen fate
Combining the estimated net N inputs (including net food and feed) and the
TDN riverine export we found a net negative N balance (a net loss of N from
the basin) in the Balzar sub-watershed ()4.5 kg N ha)1 yr)1; Table 6), but
in all other sub-watersheds N inputs exceeded estimated and measured outputs.
N exports in rivers as TDN ranged from 2.3 to 19 kg N ha)1 yr)1 representing
a variable fraction of the total N input to each sub-watershed (4–29%). Much
of the N entering individual sub-basins was exported as food or feed for use in
other basins. Riverine export of TDN was higher in the Babahoyo River region
(16–30% N export of N inputs; watersheds Ricaurte, Babahoyo and Sambo-
rondon) compared to the Daule River region (7–20.4% N export of net N
inputs; from Peripa to Guayaquil watersheds). This variation is due to dif-
ferences in the amount of cropland and forest in those regions, and the effect of
the Daule Peripa Dam upstream on the Daule River. The dam not only reg-
ulates the streamflow but also appears to serve as a nutrient sink. Nitrogen flux
above the dam was large (7.4 kg ha)1 yr)1 at the Peripa study site), but sub-
stantially lower at the first station below the dam, Pichincha (3.0 kg ha)1 yr)1;
Table 6) suggesting intense nutrient removal at the dam.

Phosphorus budget

At the basin level, P was lost from these watersheds primarily through the
export and trade of agricultural commodities to other regions (38%), and we
calculated 2.4 kg P ha)1 yr)1 exported to the Guayas estuary, which represents
38% of the P inputs to the basin (Table 7). A positive P balance was found in
all of the agricultural watersheds, suggesting that phosphorus is retained and
immobilized in the soils. The specific fluxes of phosphorus are described as
follows.
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Atmospheric deposition
Inputs of P via atmospheric deposition ranged from an estimated
0.7 kg ha)1 yr)1 in dryer areas to 1.2 kg ha)1 yr)1 in the wetter mountainous
areas (Table 7). At the basin level atmospheric deposition represents 14% of
total P inputs.

Fertilizer use
In the phosphorus budget of each sub-watershed, fertilizer is typically the main
input, ranging from 1.4 to 5.4 kg P ha)1 yr)1 (Table 7). The land use of Sam-
borondon and Babahoyo, which are the sub-watersheds with the highest average
P inputs from fertilizer, is dominated by permanent crops such as bananas and
sugar cane, which use about 13–20 kg P ha)1 yr)1 as mineral fertilizer. Overall,
57% of the total input to the Guayas Basin comes from inorganic fertilizer.

Net imports in food and feed
The high population density in the city of Guayaquil and the intensive shrimp
aquaculture surrounding the Guayas estuary are the drivers of the high TP
loadings in the Guayaquil sub-watershed. Human consumption that ends as
sewage waste in the highly urbanized Guayaquil demands an import of food of
0.95 kg P ha)1 yr)1 (Table 7). A net export of P as food is estimated in the rest of
the watersheds, with a maximum value of 4 kg P ha)1 yr)1 in the Peripa sub-
watershed, in which the predominant land use is permanent export crops (ba-
nana, African palm, coffee). In all the sub-watersheds the demand of P inputs for
animal feed surpassed the production of P in crops and pastures used for animal
consumption, thus imports of P in mineral fertilizers supplied this deficit. Inputs
in feed ranged from 0.42 kg P ha)1 yr)1 in the Balzar watershed with 24%
pastures to 3.03 kg P ha)1 yr)1 in Ricaurte with less than 3% pasture.

Weathering
P input by background weathering was estimated from the lowest phosphorus
concentrations in upstream reaches of the basin, which is equivalent to 0.1–
0.2 kg ha)1 yr)1 (Table 7).

Phosphorus inputs
At the sub-watershed scale, Babahoyo received the highest P inputs of the
Guayas Basin with 8.7 kg ha)1 yr)1; the minimum was 4.3 kg ha)1 yr)1 in the
forested Sta Lucia watershed. The net P balance varied from 1.69 to
4.5 kg P ha)1 yr)1 (Table 7). The overall average for the Guayas Basin was
6.4 kg P ha)1 yr)1. At the scale of the overall basin, 57% of the total P inputs
were from the use of inorganic fertilizers, while 14% was from rainfall, and 2%
from natural rock weathering. At the same time, 27% of the P inputs were
estimated to be imported as feed for animals.

Fate of P inputs
Our nutrient budgets suggest a net export of P in crop production.
Phosphorus exported to the outlet of the Guayas Basin accounted for 38% of
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the total P inputs to the landscape. The Daule River area carried
lower TP loads (0.56–1.12 kg P ha)1 yr)1) than the Babahoyo River
(0.6–1.42 kg P ha)1 yr)1) on average. We estimate that riverine export of TP
increased downstream along the Daule and Babahoyo drainage network. The
river reach with the largest P flux carried 1.42 kg P ha)1 yr)1 from the
Samborondon watershed, which is subject to very intensive agriculture and
livestock production.

Land use, N and P Inputs, and nutrient export in rivers
Nutrient inputs were directly related to agricultural land use in our sub-basins.
We found a direct relationship between percent of cropland and N input
(R2=0.41), as well as percentage of cropland and TDN export (Figure 2b).
High N inputs to the Ricuarte sub-watershed, related to livestock production
and not to agricultural land, lowered the correlation coefficients relating N
export to croplands and inputs. The Babahoyo, Ricaurte, and Samborondon
sub-watersheds located along the Babahoyo River export greater amounts of N
than those on the Daule river side of the Guayas Basin (Figure 2b).This is
related to the intense agricultural management of the export crops of the
Babahoyo river area versus the traditional annual crop management developed
in the Daule River.

We also found that TDN exports were significantly correlated (R2=0.49)
with total N inputs (Figure 3), but not with Net N inputs (R2=0.32; p>0.05),
because N is leaving the basin as export crops. The Net N input does not
include losses from denitrification or volatilization, which we address in the
discussion section.

Inputs of P were significantly correlated with the animal consumption rep-
resented by net feed inputs (R2=0.56, p<0.05) and were not correlated with
agricultural land use. The main source of P is as fertilizer that is mainly applied
to the permanent export crops. Phosphorus exported to the rivers was not
correlated with total inputs, as much of the P inputs left the Guayas Basin as
export crops (47% of total P input). Riverine P exports were directly correlated
with river discharge at the sampling sites (R2=0.70, p<0.05; Figure 4) sug-
gesting that phosphorus export is driven by runoff and erosion processes. The
largest values of P export to rivers were found in the sub-watersheds with high
livestock production (Ricaurte, Samborondon) and the Guayaquil urban area
(Figure 4).

Discussion

Uncertainties in N losses

Our estimate of riverine export of N from these basins as TDN is an under-
estimate because we have not included particulate losses of N. Particulate N is

152



typically 30% of total N export in relatively undisturbed tropical rivers (Lewis
et al. 1999). Comparison of TDN to particulate N for a subset of 26 samples
from our study sites suggests that particulate N losses are significant in these
basins, as particulate N was 72% of TDN concentrations. Because particulate
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N concentrations can vary substantially with discharge in tropical rivers
(McDowell and Asbury 1994), and our limited sampling of particulate N did
not cover the full range of flows encountered at our site, we have not attempted
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to estimate a specific value for particulate N export. However, our small data
set suggests that the particulate N may be equal in magnitude to our measured
TDN losses. Previous work has shown that larger watersheds tend to have
higher losses of particulate N, and thus there may be proportionally more
particulate N loss in the larger sub-watersheds of the Guayas Basin (Lewis
et al. 1999).

We found that at the basin level the largest sink of N was via exports in food
(43% of N input), followed by the N transported into the rivers (14% of N
inputs), leaving 43% of N inputs unaccounted for in the landscape. We at-
tempted to ‘close’ the N budget at the overall Guayas Basin scale by estimating
the fate of the remaining N inputs, by considering fractions stored in soils or
vegetation of landscape, or lost to the atmosphere by volatilization and deni-
trification processes (Jaworski et al. 1992; McMahan and Woodside 1997; Van
Breemen et al. 2002). Though highly uncertain, we use literature values to
establish a first guess at the overall fate of N in the basin. Denitrification in
agricultural and tropical soils can be very significant, particularly in wet areas
with high inputs of N fertilizers such the Guayas Basin (Velthof et al. 1997;
Downing et al. 1999). Rates of denitrification in watersheds vary broadly and
are dependent on pH, soil moisture, organic carbon availability and temper-
ature (Van Breemen et al. 2002). Previous data on denitrification in tropical
agricultural lands and tropical aquatic freshwater are very scarce. Losses of
around 25% may be experienced following application of urea fertilizers (Vallis
and Keating 1980), and up to 40% for urea application on sugar cane (McKee
and Eyre 1999). We estimated denitrification in the terrestrial landscape
assuming losses of 25% of applied nitrogen fertilizer in cropland,
3 kg ha)1 yr)1 from pastures, and 0.6 kg ha yr)1 from forest area based on
literature values (McKee and Eyre 2000; Valiela and Bowen 2002). These rates
of denitrification were applied to the land use map and then aggregated to
obtain an average for the Guayas Basin. The exports of TDN above
(7.4 kg N ha)1 yr)1) and below (3 kg N ha)1 yr)1) the Daule Peripa Dam
suggest extensive denitrification is occurring in the reservoir. We have not
considered denitrification in the sewage plants of the region. Given that only
primary sewage treatment is used in the basin, and that sewage treatment is
only available to 20% of the rural population and 60% of the urban popu-
lation (INEC 2001), we suspect that denitrification during sewage treatment is
unlikely to be significant N sink.

Ammonia volatilization is a major pathway for N loss from urea-based
fertilizers (Harper and Stewart 1987). Volatilization is likely to be occurring in
this tropical agricultural watershed where fertilization is based on urea appli-
cation. Ammonia volatized from excreta has been estimated between 20 and
30% of the nitrogen deposited in the manure in intensive ranching areas (Vallis
and Keating 1997; McKee and Eyre 2000). We estimated volatilization losses
using the lowest reported rate (20%) because of the low intensity of ranching in
the Basin.
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Though admittedly uncertain, we estimate that 13.6 kg N ha)1 yr)1 (25% of
N input) may be retained as storage in the soil, vegetation and forest Our
estimate of denitrification in the overall landscape was 9.4 kg N ha)1 yr)1

(13% of N inputs) and volatilization was 6.7 kg N ha)1 yr)1 (10% of N input).
Comparing our measurements of N exported to the rivers of 10 kg N ha)1 yr)1

(14% of N input), with the nutrient losses by erosion estimated by Koning
(1999) of 20 N kg ha)1 yr)1 from agricultural land in the coastal region, sug-
gests that our estimation of denitrification and volatilization in the landscape
(about 15 N ha)1 yr)1) may be an adequate first estimation.

We did not evaluate the amount of denitrification in the rivers, though it
may be important in closing the N cycle. Rates of denitrification in aquatic
systems are thought to be more rapid in the tropics than the temperate zone
(Downing et al. 1998), hence riverine denitrification may be playing an
important role in reducing N loading to the coastal zone in the Guayas
estuary.

Nutrient balances and agricultural practices

Land use is the key factor contributing to the nutrient loadings to the land-
scape in this region. Agricultural land use in particular dominates nutrient
cycling in the region, in terms of both inputs to the basin (via fertilizer
applications and crop & animal production) and exports from the basin (in
vegetables, meat, milk, and eggs). This highlights the importance of interna-
tional trade in determining the nutrient budgets for the region. Ecuador is a net
importer of fertilizers and agrochemicals and a net exporter of tropical food
products. For example, of the bananas, coffee and shrimp produced each year,
60, 80, and 98% respectively are exported (FAO 2003). Fertilizers and agro-
chemicals represent between 30 and 40% of agricultural production costs.

Regional differences in nitrogen export in the two major rivers of the basin,
the Babahoyo and Daule, are probably the result of several factors. Riverine
export as TDN was higher in the Babahoyo River than in the Daule River
(Table 6). Export of TDN in the Daule may be reduced by denitrification in
the reservoir above the Daule-Peripa Dam, as denitrification is an important
process in tropical reservoirs (Downing et al. 1999). The dam also regulates N
flux by decreasing streamflow during the rainy season, thereby decreasing
nitrogen loading to the rivers. Differences in land use patterns between the two
basins may also explain differences in nutrient export. In the Daule, with its
lower N export, cropland is 51% of land area, whereas in the Babahoyo River
watershed it is 65%. Crops such as banana and sugar cane, which are more
abundant in the Babahoyo watershed, also require more fertilizer additions
than annual crops such as rice, maize and soybeans. The rate of fertilizer
application to the permanent crops is high (>200 kg N ha)1 yr)1), contrib-
uting to greater leaching of N to the rivers. Large leaching losses of nutrients
also commonly occurs after sugar cane harvest and burning vegetation (Vallis
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and Keating 1997), and this may also contribute to the higher N loading in the
Babahoyo River.

With respect to soil fertility, our nutrient budgets are a useful indicator of
sustainability. In cases of negative balances where net nutrient outputs exceed
the inputs, stocks of soil nutrients are probably declining, endangering agri-
cultural production which may trigger land degradation (Stoorvogel 1993; De
Koning 1999; Van den Bosch et al. 1988; Priess et al. 2001). On the other hand,
if the balance is strongly positive, nutrient enrichment may lead to eutrophi-
cation in rivers and downstream in coastal areas. At the regional level there is a
net accumulation of nutrients (both N and P) in the Guayas Basin. At the sub-
watershed level there is a positive balance in most of the watersheds suggesting
that N and P inputs introduced into the systems by farming practices introduce
external inputs to offset nutrient removal in exported crops. If no losses had
occurred, these basins may qualify as sustainable with respect to soil fertility, at
least by these criteria (Stoorvogel 1993; De Koning 1999; Van den Bosch et al.
1988; Priess et al. 2001). However, direct assessments of soil fertility should be
conducted to verify that nutrients are retained in the soil.

Two of our study basins with intensive agriculture (Balzar and Peripa) have
net N balances near or below zero, indicating soil degradation and potential loss
of productive capacity. Even the intensive addition of nutrients in fertilizers did
not compensate for the nutrients leaving in the crops exported from these ba-
sins, which are devoted mainly to bananas and rice production. A previous
assessment of the banana industry in Ecuador (Borbor 1999) showed that even
though fertilizer application has increased from 150 kg ha)1 in 1985 to
550 kg ha)1 in 1998, banana yields have decreased from 30 to 20 Mt ha)1

(Mt – metric ton). In these watersheds that are losing N and P there is a
considerable risk of a decline in soil fertility and long-term economic losses for
farmers.

Despite the possibility of N depletion in some sub-watersheds, our assess-
ment of the entire Guayas Basin shows that it is retaining a significant fraction
of total N inputs (25%), and an even greater fraction of net N inputs. There is
considerable uncertainty about the proportion of N and P retained in the soil
due, however, due to the lack of empirical data on soil nutrient retention.
Random soil samples analyzed by Instituto Investigaciones Agropecuarias
(INIAP) suggest a great variability in nutrient content depending on the region
and type of land use (unpublished data). In general, nutrient content is higher
in the lower basin in the upper basin (INIAP, unpublished reports). Although
we were unable to tightly constrain estimates of denitrification, we estimate
that there were significant N losses via denitrification in this wet region, in
particular due to those associated with the use of urea-based fertilizers. Rice
paddies actually fix and retain N within the soil, but during wet and warm
conditions they may also favor denitrification.

Land use decisions are linked to biophysical (local level) and socio-economic
factors (regional and international level). In Ecuador, the fertile soils of the
Guayas Basin, the national population growth, and the international demand
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for tropical crops have combined to create strong pressures on the land of this
region. This has led to shorter fallow periods and the conversion of non-
suitable agricultural land to agricultural crops and grasslands, often in mar-
ginal areas (Southgate and Whitaker 1994), resulting in greater potential for
nutrient depletion especially in the highlands (De Koning 1999). We have
identified areas within the Guayas basin where nutrient depletion is already
evident, which suggests that agricultural productivity in the region may be
affected in time as food production intensifies.

The sustainability of a land use system is comprised of ecological, agro-
technical, and socio-economic dimensions (Van Ittersum et al. 1998). In the
case of the Guayas Basin the main concerns are economic efficiency and the
agro-technical performance. Thus, the export farming of this region has relied
on large applications of fertilizers and agrochemicals to obtain high yields.
However, it is important to differentiate between sustainable agricultural
management and simply more energy intensive production processes. These
may increase yield, but if the fertilizer is removed yields probably would fall to
levels below their original pre-fertilization value because site quality has de-
clined (Hall and Hall 1993; Hall et al. 1998). Since N fertilizers are very energy
intensive this may become a much larger issue in the future if energy prices
increase greatly, especially after Ecuador ceases to be a net producer of
petroleum (Hall et al. 2003; Hallock et al. 2004).

Conclusions

Nutrient budgets in the Guayas watershed are driven largely by agricultural
production. Nutrient inputs to the terrestrial landscape are dominated by
fertilizer inputs, accounting for about 50% of N and P inputs. These nutrient
inputs provide economic return in the form of agricultural commodities, most
of which are exported out of the country. Although at the overall basin level
there is a net accumulation or stable amounts of nutrients in the system, there
are signs of nutrient loss and soil degradation in portions of the landscape that
are subject to intensive fertilization, irrigation, and ranching activities. Further,
there is a direct relationship between nutrient inputs to the landscape and
nutrient loadings in surface waters of the region. However, only a small frac-
tion of N (14%) and a larger fraction of P (38%) inputs was leached to rivers.
Our analysis suggests that N river export is more related to land use and
agricultural practices, while P is driven by runoff and erosion process. This
highlights the need for research to understand the nutrient dynamics in the
landscapes of this region. Understanding nutrient budgets is a useful analysis
tool in order to incorporate better management practices that avoid soil deg-
radation in the long run and mitigate N and P pollution problems in the coastal
zone. Further research in this tropical agricultural watershed should be able to
extend the comparisons to smaller watersheds where data acquisition can be
more extensive.
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Abstract. The flux of nitrogen in large rivers in North America and Europe is well explained as a

function of the net anthropogenic inputs of nitrogen to the landscape, with on average 20 to 25% of

these inputs exported in rivers and 75 to 80% of the nitrogen retained or denitrified in the land-

scape. Here, we use data for average riverine nitrogen fluxes and anthropogenic inputs of nitrogen

over a 6-year period (1988–1993) for 16 major watersheds in the northeastern United States to

examine if there is also a climatic influence on nitrogen fluxes in rivers. Previous studies have shown

that for any given river, nitrogen fluxes are greater in years with higher discharge, but this can be

interpreted as storage of nitrogen in the landscape during dry years and flushing of this stored

nitrogen during wet years. Our analyses demonstrate that there is also a longer-term steady-state

influence of climate on riverine nitrogen fluxes. Those watersheds that have higher precipitation

and higher discharge export a greater fraction of the net anthropogenic inputs of nitrogen. This

fractional export ranges from 10 to 15% of the nitrogen inputs in drier watersheds in the north-

eastern United States to over 35% in the wetter watersheds. We believe this is driven by lower rates

of denitrification in the wetter watersheds, perhaps because shorter water residence times do not

allow for as much denitrification in riparian wetlands and low-order streams. Using mean pro-

jections for the consequences of future climate change on precipitation and discharge, we estimate

that nitrogen fluxes in the Susquehanna River to Chesapeake Bay may increase by 3 to 17% by

2030 and by 16 to 65% by 2095 due to greater fractional delivery of net anthropogenic nitrogen

inputs as precipitation and discharge increase. Although these projections are highly uncertain,

they suggest a need to better consider the influence of climate on riverine nitrogen fluxes as part of

management efforts to control coastal nitrogen pollution.

Introduction

Over the past several decades, eutrophication in coastal marine ecosystems has
grown and is now considered the biggest pollution problem in the coastal
waters of the U.S. (Howarth et al. 2000; NRC 2000). Eutrophication lowers
biotic diversity, leads to hypoxic and anoxic conditions, increases the incidence
and duration of some types of harmful algal blooms, degrades the habitat
quality of seagrass beds or even destroys them, and can lead to changes in
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ecological food webs that reduce fish and shellfish production (NRC 2000).
The Environmental Protection Agency’s National Coastal Condition Report
(EPA 2001) lists eutrophic condition as one of the three greatest threats to the
health of the nation’s estuaries, along with poor benthic condition (a result, in
part, of eutrophication) and wetland loss. Some 40% of the estuarine area in
the conterminous U.S. is severely degraded from eutrophication, and 67% is
degraded to some extent (Bricker et al. 1999; EPA 2001). In the northeastern
United States (defined as Chesapeake Bay north through Maine), some 60% of
the estuarine area shows a high expression of eutrophic condition (EPA 2001).
Eutrophication of coastal marine ecosystems is driven primarily by nitrogen
inputs (Howarth 1988; Nixon 1995; NRC 2000; Howarth and Marino, 2006).
From 1960 to 1980, average nitrogen fluxes in rivers to the coastal waters of the
United States are estimated to have increased by 67% (Howarth et al. 2002a).
During the 1980’s, nitrogen fluxes increased little if at all. However, riverine
nitrogen fluxes in the United States are estimated to have again increased
steadily over the past 15 years, although less rapidly than during the 1960s and
1970s (Howarth et al. 2002a).

Climate variability and climate change are likely to have a profound effect
on the delivery of nutrients to coastal marine ecosystems, but there is great
uncertainty as to the detailed responses expected (Scavia 2002). This uncer-
tainty results in part from divergent predictions for future climate change, for
example with some global models predicting a drier climate and some a wetter
climate in the northeastern United States as atmospheric carbon dioxide levels
continue to rise over the next century (Wolock and McCabe 1999). Further
uncertainty results from the non-linearity in response of riverine freshwater
discharge to changes in climate, with some models suggesting discharge will
increase disproportionately to increases in precipitation, and others suggesting
increases in discharge will be less than increases in precipitation (Najjar 1999;
Wolock and McCabe 1999; Najjar et al. 2000). Beyond these uncertainties in
the physical climate system and the hydrologic responses of watersheds, the
biogeochemical responses to changes in climate and hydrology are difficult to
predict, particularly for nitrogen. However, sustained changes in nitrogen
processing within the landscape are likely to have very significant effects on the
health of coastal marine ecosystems.

Watersheds with greater precipitation and discharge will tend to have higher
erosion rates, and this leads to higher fluxes of phosphorus from the landscape
since most of the phosphorus in large rivers is particle bound (Howarth et al.
1995, 2002b; Moore et al. 1997). Nitrogen moves through the landscape pri-
marily in dissolved forms, and nitrogen fluxes seem to be primarily controlled
by the sources and sinks of nitrogen in the landscape. For disturbed landscapes
in the temperate zone, an average of 20 to 25% of the nitrogen inputs resulting
from human activity is exported in rivers (Howarth et al. 1996, 2002b; Boyer
et al. 2002). Is there a climatic influence on this relationship? For examining
global patterns of nitrate flux in large rivers, some models have assumed that
the non-point-source contribution is controlled in part by area-specific
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discharge (Seitzinger and Kroeze 1998; Caraco and Cole 1999), but in a direct
comparison among these and other models, those without discharge or other
climatic parameters proved to be at least as accurate and precise in predicting
multi-year average fluxes (Alexander et al. 2002). For the Mississippi River
basin, McIsaac et al. (2001) demonstrated that during dry years, nitrogen
accumulates in the soil or groundwater, and during wet years, this stored
nitrogen is flushed out. The time scale of response in their study was only a few
years. What would be the consequences of a sustained change in climate over a
longer period of time? Over longer time scales, the primary issues are not short-
term storage and flushing, but rather whether there are changes in nitrogen
sinks in the landscape (storage in soils and biomass, or in rates of denitrifi-
cation). In this paper, we further address the influence of climate on average
riverine nitrogen flux by examining the relationship of net anthropogenic
nitrogen inputs (NANI) on 6-year mean nitrogen fluxes in 16 major rivers
across a climate gradient in the northeastern United States. By studying this
climatic gradient, we can ascertain the longer-term steady-state effects of
climate on riverine nitrogen fluxes.

Methods

We build upon the analysis of anthropogenic nitrogen sources and riverine
nitrogen fluxes for 16 major watersheds in the northeastern U.S. done by Boyer
et al. (2002) for the time period of 1988 through 1993. These watersheds are
(moving north to south, from Maine to Virginia) the Penobscot, Kennebec,
Androscoggin, Saco, Merrimack, Charles, Blackstone, Connecticut, Mohawk,
upper Hudson, Delaware, Schuylkill, Susquehanna, Potomac, Rappahannock,
and James. This is the same set of large watersheds used by Alexander et al.
(2002) in their comparison of models for predicting nitrate and total nitrogen
fluxes. It is important to note that both our work and that of Boyer et al.
(2002) are based on the watershed areas upriver of defined USGS monitoring
stations, and so do not generally include the heavily urbanized areas imme-
diately along the coast. So defined, the watershed areas vary from 475 km2 for
the Charles River basin to over 70,000 km2 for the Susquehanna (Table 1). The
single largest land-use type in all 16 watersheds is forest, ranging from 48% of
the area of the Schuylkill to 87% of the area of the Saco. Agricultural land use
varies from 1.5% of the land area in the Penobscot River basin to 38% in the
Schuylkill, and urban land use varies from 0.4% of the area in the Penobscot to
22% in the Charles River basin. Population densities vary from 8 individuals
per km2 in the Penobscot basin to 556 individuals per km2 in the Charles River
basin (Table 1). Further information on the watersheds is given in Boyer et al.
(2002).

We estimated annual average river discharges using daily discharge data
from river gauging stations located at the outlet of each watershed (USGS
2005). Annual discharge for all 16 rivers for the period 1950 through 2003 is
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shown in Figure 1. The period of analysis for our study (1988–1993) is indi-
cated by grey shading in the figure. Note that discharges during our period of
analysis and the preceding several years are broadly representative of the
longer time frame, without unusually high or low discharge years. Annual
average riverine nitrogen exports were estimated for the 1988–1993 period
from USGS data on total nitrogen concentrations (collected at the gauging
stations at approximately monthly intervals) using the estimator approach
described in Cohn et al. (1992). This regression-based method is a flow-
weighted interpolation of the concentration measurements (Boyer et al. 2002).
Mean estimates for precipitation and temperature for the 6-year period were
obtained from the VEMAP-II historical climate reconstruction (Kittel et al.
1997; Boyer et al. 2002).

We determined the net anthropogenic nitrogen inputs (NANI) to each wa-
tershed using the approach of Howarth et al. (1996). In this method, NANI is
the sum of fertilizer use, nitrogen fixation in agro-ecosystems, the net import of
nitrogen in human food and animal feeds, and the atmospheric deposition of
oxidized nitrogen (NOy). Note that wastewater discharges are not considered
explicitly in this analysis, since the nitrogen in wastewater originates from food
(either imported or grown within the region, with the source nitrogen from
fertilizer use or agricultural nitrogen fixation). Similarly, the deposition of
ammonia and ammonium is not considered an input in this approach, as the
large majority of the ammonia and ammonium deposited in a watershed is
assumed to have originated from emissions within the same watershed
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Figure 1. Annual freshwater discharge for each of the 16 northeastern US watersheds from 1950

to 2003. Top panel shows the 4 rivers that are mostly in Maine (Penobscot, Kennebec, Andros-

coggin, and Saco), the second panel from top shows the 4 other rivers in New England that are

further to the west or south (Merrimack, Connecticut, Charles, and Blackstone), the third panel

from the top shows the 5 rivers that are largely in New York State and Pennsylvania (Hudson,

Mohawk, Delaware, Susquehanna, and Schuylkill), and the bottom panel shows the 3 rivers that

are largely in Virginia and Maryland (Potomac, Rappahannock, and James). Our period of

analysis for this study (1988–1993) is indicated by grey shade.
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(Howarth et al. 1996). This is generally true in large watersheds and regions,
but in smaller watersheds, there may be significant fluxes of ammonia and
ammonium through atmospheric transport across different watersheds. Boyer
et al. (2002) attempted to estimate these cross-boundary fluxes of ammonia
and ammonium for the 16 major northeastern watersheds. However, this
requires many highly uncertain assumptions, and in any case, the net ammo-
nia/ammonium deposition due to cross-watershed transport in the atmosphere
is small relative to NOy deposition (Boyer et al. 2002). Therefore, we simply
consider the NOy term here. Note that in the Howarth et al. (1996) study, we
used only the part of NOy deposition estimated to originate from human
activity in calculating NANI, rather than the total NOy deposition we use here.
On average for watersheds in the northeastern U.S., the total NOy deposition is
2.3% greater than the anthropogenically derived NOy deposition (Howarth
et al. 1996).

We estimate the atmospheric deposition of NOy (both wet and dry deposi-
tion) using the approach of Ollinger et al. (1993), based on a spatial model that
extrapolates data from depositional monitoring networks (such as NADP)
with a consideration of topographic effects. For most watersheds, we used the
Ollinger et al. (1993) model, updated with more recent depositional velocities
for dry deposition (Lovett and Rueth 1999). A few of the watersheds (Potomac,
Rappahannock, and James) are outside of the geographic range for the
regression equations used in Ollinger et al. (1993); for those three watersheds,
we used the regression relationships put forth by Lovett and Lindberg (1993)
that relate dry deposition to wet deposition (Boyer et al. 2002).

We estimate fertilizer use in each watershed using county-based sales data
(Battaglin and Goolsby 1994) from 1991, scaled to the watersheds by weighting
by the percentage of county area in each watershed (Boyer et al. 2002).
Nitrogen fixation associated with agricultural crops is estimated from the area
of particular types of crops (soybeans, alfalfa, snap beans, and hay and pas-
ture) multiplied by literature-derived estimates of fixation rates associated with
those individual crop types (Boyer et al. 2002). The net import of nitrogen in
human food and animal feeds is estimated from a mass balance of needs versus
production; that is, the difference between per capita estimates of the nitrogen
in food and feed needs for humans and domestic animals and the nitrogen in
foods and feeds produced within a watershed (Boyer et al. 2002). These esti-
mates are somewhat sensitive to the assumed efficiency of nitrogen use in
animal production; we use the values of van Horn (1998), which are based on
U.S. agricultural practices.

Results

The average riverine nitrogen export from the 16 watersheds over the 6 year
period from 1988 through 1993 ranged from a low of 310 to 330 kg
N km)2 year)1 for the James, Penobscot, and Kennebec River basins to a high
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of �1760 kg N km)2 year)1 for the Charles and Schuylkill River basins
(Table 1). In comparison, without human disturbance average watersheds in
the north temperate zone are estimated to export approximately 100 kg
N km)2 year)1 (Howarth et al. 1996, 2002b; NRC 2000). The fluxes from the
Charles and Schuylkill basins are quite high, and in fact exceed the average flux
from the watersheds of the highly populated, heavily industrialized and agri-
culturally intensive watersheds that drain to the North Sea in Europe (1450 kg
N km)2 year)1; Howarth et al. 1996). Seven out of the 16 watersheds in the
northeastern U.S. have nitrogen fluxes that exceed the average flow down the
Mississippi River basin (570 kg N km)2 year)1; Howarth et al. 1996).

The 16 watersheds vary in the relative importance of the various nitrogen
inputs to the overall NANI estimate (Table 2). The majority of NANI comes
from NOy deposition in the 4 watersheds in Maine (the Penobscot, Kennebec,
Androscoggin, and Saco River basins). In the watersheds further south, the
NOy deposition rates are higher than in Maine, but other sources increase even
more (Table 2). The net importation of nitrogen in food and feed is quite
important in watersheds with higher population densities, and this makes up
more than half of NANI in the Charles and Blackstone River basins. In many
watersheds, agricultural inputs from fertilizer use and nitrogen fixation are
dominant, and these make up 50% or more of NANI in the Mohawk, Dela-
ware, Potomac, Rappahannock, and James River basins (Table 2). Overall, for

Table 2. Average annual nitrogen inputs from anthropogenic sources to the 16 major watersheds

of the northeastern U.S. for the period 1988 to 1993 (kg N km)2 year)1).

NOy

deposition

N

fertilizer

use

Agricultural

N

fixation

Net

N

import in foods

and feeds

Total Net

anthropogenic

N inputs (NANI)

Penobscot 360 90 70 40 560

Kennebec 430 50 160 150 790

Androscoggin 500 80 150 240 970

Saco 570 40 100 100 810

Merrimack 610 150 210 710 1680

Charles 670 200 190 2090 3150

Blackstone 710 310 310 1500 2830

Connecticut 630 270 360 570 1830

Hudson 660 200 370 270 1500

Mohawk 710 410 1240 620 2980

Delaware 810 530 680 350 2370

Schuylkill 890 1210 1230 1950 5280

Susquehanna 820 620 1150 1100 3690

Potomac 710 1020 1170 1450 4350

Rappahannock 620 1030 1440 610 3700

James 650 360 700 400 2110

Area-weighted mean 680 560 740 740 2720

northeastern US mean

(Howarth et al. 1996)

1200 600 750 1000 3550
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these 16 watersheds, the area-weighted mean nitrogen inputs to the watersheds
are reasonably evenly distributed between NOy deposition (680 kg
N km)2 year)1), fertilizer use (560 kg N km)2 year)1), nitrogen fixation in
agro-ecosystems (740 kg N km)2 year)1), and the net importation of nitrogen
in foods and feeds (740 kg N km)2 year)1; Table 2).

The analysis presented here is similar to that presented in Howarth et al.
(1996) for the northeastern U.S. as a whole in terms of average riverine
nitrogen fluxes, and the mean value for the entire northeastern U.S. presented
in Howarth et al. (1996) sits in the center of, and is bracketed nicely by, the
riverine nitrogen flux values for the 16 major watersheds. The analysis here
also is similar in terms of the agricultural sources to the regions (fertilizer use
and agricultural nitrogen fixation), but the estimates given in Howarth et al.
(1996) are substantially greater for NOy deposition and for the net importation
of nitrogen in food and feeds (Table 2). For the importation of nitrogen in
food and feeds, we attribute this difference to the inclusion of the heavily
populated coastal margin cities (New York City, Boston, Washington, Provi-
dence, Philadelphia, etc.) within the area included in the Howarth et al. (1996)
analysis but excluded from Boyer et al. (2002) and this study. For the most
part, these urban centers in the northeastern U.S. are down-river from the
USGS gauging stations which define the watershed areas used by Boyer et al.
(2002) and this study.

For NOy deposition, the mean value for the 16 watersheds reported in Boyer
et al. (2002) and used here is 680 kg N km)2 year)1, while for the entire
northeastern U.S. Howarth et al. (1996) used an estimate of 1200 kg
N km)2 year)1 (Table 2). As was the case with the net importation of nitrogen
in food and feeds, the difference in these estimates may reflect the different
geographic boundaries, with higher deposition in the more urbanized areas.
Deposition in the more rural areas represented by the 16 watersheds (as defined
up-river of the USGS gauging stations) may not reflect the potentially high
levels of deposition that occur near emission sources in urban areas (Holland
et al. 1999; Lovett et al. 2000; Howarth et al. 2002a). However, the different
estimates also may be due in part to different methodologies. As stated above,
Boyer et al. (2002) used depositional monitoring data for their estimate. The
core data are from the National Acid Deposition Program (NADP), whose
stations are purposefully located in rural areas where urban and agricultural
influences are minimal (NADP 2005). Spatial coverage is sparse, and scaling
the point observations over space and time is difficult (Meyers et al. 2001).
Further, only wet deposition is measured at the NADP stations, and challenges
remain in how to estimate contributions from dry deposition, given the com-
plexity of factors controlling deposition velocities (Ollinger et al. 1993, Meyers
et al. 2001). The estimate used in Howarth et al. (1996) comes from the GCTM
model, which predicts depositional patterns globally at a relatively course
spatial scale using emission sources as inputs and modeling atmospheric
transformations and transport (Prospero et al. 1996). A similar, more recent
model (TM3) used by Galloway et al. (2004) for their global and regional
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nitrogen budgets yields a comparable estimate for the northeastern U.S. as did
the GCTM model. These emission-based models are attractive, in that at least
at very course spatial scales, they are as accurate as the emission data. How-
ever, they cannot easily be applied at a spatial scale fine enough to give esti-
mates for the individual 16 northeastern watersheds. For the analysis in this
paper, we therefore relied on the estimates from Boyer et al. (2002), which may
well be robust for the rural areas represented by these watersheds. However, it
is important to note that the actual total NOy deposition to the northeastern
U.S. may be substantially higher. If so, much of this additional NOy deposition
likely falls on the more urbanized landscape near the coast, where retention is
low, and so it is likely to have a high percentage export to coastal waters
(Howarth et al. 2002b).

The average annual riverine nitrogen fluxes from the 16 watersheds are
highly correlated with NANI to each watershed (Figure 2). The relationship is
very similar to that observed when comparing the large regional areas that
drain into the North Atlantic Ocean, both from North America and from
Europe (Howarth et al. 1996). Note in both cases the y-intercept of the linear
regression is approximately 100 kg N km)2 year)1, which has been used to
provide an estimate of what the nitrogen flux off the landscape for temperate
watersheds might be, absent human inputs of nitrogen (that is, NANI=0;
NRC 2000; Howarth et al. 2002b). Here, the slope of the regression is 0.26,
indicating that on average only 26% of the human inputs of nitrogen to the
landscape (NANI) are exported in downstream river export, and that 74%
must be retained in the landscape or lost through denitrification. This is a
similar slope to that observed in the coarser spatial-scale analysis of the North
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Figure 2. Average annual riverine nitrogen fluxes are strongly related to the net anthropogenic
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nitrogen inputs, and not just the anthropogenic sources.
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Atlantic drainage basin (Howarth et al. 1996). Note also that Boyer et al.
(2002) presented a somewhat different analysis (in their figure 6). There, the
x-axis is for total nitrogen inputs, and so includes an estimate for the natural
rate of nitrogen fixation in forests. The Boyer et al. (2002) figure also includes
some estimated net input of nitrogen from deposition of ammonia and
ammonium which is not included in the NANI estimate here (see methods,
above). The relationship shown in Boyer et al. (2002) looks very similar to that
here, except that the intercept (7 kg N km)2 year)1) was much closer to 0. This
is consistent with the idea that a watershed that consistently receives no
nitrogen inputs (from natural or anthropogenic sources) would export little or
no nitrogen, and thus gives us greater confidence in using the intercept from
Figure 2 (107 kg N km)2 year)1) as an estimate of the riverine nitrogen flux
for temperate watersheds which have only natural inputs of nitrogen.

The average riverine nitrogen flux from the 16 watersheds is fairly well
explained just from NANI (R2=0.62, p=0.0003; Figure 2), and one could
easily believe that much of the scatter results from quality of data or from
differences among the watersheds in characteristics such as soil type and
topography. However, we note that the points lying above the regression line
tend to be watersheds with higher discharge and precipitation, while those
below it are from ‘‘less wet’’ watersheds (Table 1). To evaluate whether some
aspect of climate has an influence on the long-term average flux of nitrogen
from these watersheds (in addition to the influence of NANI), we examined the
fractional delivery of NANI and examined its relationship to climatically re-
lated parameters (precipitation, temperature, and discharge). We define the
fractional delivery as the riverine nitrogen flux that is above the natural
background flux expected absent any anthropogenic nitrogen inputs, divided
by NANI for that watershed. That is,

F ¼ ðR� 107Þ=NANI ð1Þ
where F is the fractional delivery of NANI, R is the long-term average riverine
flux of nitrogen (kg N km)2 year)1), 107 represents the natural background
riverine nitrogen flux in the absence of human activity (kg N km)2 year)1), and
NANI is the net anthropogenic nitrogen input (kg N km)2 year)1).

The fractional delivery of NANI is well correlated with both precipitation
(R2=0.53; p=0.0015; Figure 3a) and discharge (R2=0.48; p=0.003;
Figure 3b). Note that precipitation (P) and discharge (Q) are themselves
correlated (R2=0.66; plot not shown). Clearly, watersheds with greater pre-
cipitation and higher discharge have higher fractional deliveries, ranging from
a high of 0.2 to 0.43 for watersheds with precipitation greater than
1,100 mm year)1 and discharges greater than 500 mm year)1 to 0.1 to 0.18 for
watersheds with less precipitation and lower discharge. Temperature is not as
good a predictor of fractional delivery of NANI, and the relationship, while
suggestive, is at best marginally significant (p=0.11) and has a lower R2 value
(0.17; Figure 3c). Note however the suggestion of an inverse relationship, with
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greater fractional delivery of NANI in the colder watersheds. While temper-
ature is correlated with discharge (R2=0.56; plot not shown), temperature is
not well correlated with precipitation in these watersheds (R2=0.11; p=0.20;
plot not shown).

To develop a predictive equation for the riverine nitrogen flux (R), we can
re-arrange Equation (1) and substitute single variable relationships for F
discussed above in an equation of the form:

R ¼ F �NANIþ 107 ð2Þ
For example, we could use precipitation as a predictor of F (Figure 3a) since
that relationship had the best explanatory power. Substituting the regression
parameters for Figure 3a into Equation (2) yields:

R ¼ ð0:0008 � P� 0:62Þ �NANIþ 107 ð3Þ
where P is precipitation (mm year)1). This equation can be written in the
following form:

R ¼ ð0:0008 � P �NANIÞ � ð0:62 �NANIÞ þ 107 ð4Þ
Alternatively, to get the best parameter fit for an equation of the form of
Equation (4), we can obtain coefficients that relate R to (P * NANI) and NANI
by using a 2-variable linear regression with interacting terms. This yields the
equation:

R ¼ ð0:00095 � P �NANIÞ � ð0:762 �NANIÞ þ 55 ð5Þ
The relationship is highly significant (p<0.000001) and has an R2 value of
0.875, or an adjusted R2 of 0.855 (Table 3). Both the interaction term (P *
NANI) and the NANI term contribute significantly to this relationship
(p=0.0002 and p=0.0024, respectively; Table 3). Re-arranging Equation (5)
into the form of Equation (3) yields:

R ¼ ð0:00095 � P� 0:762Þ �NANIþ 55 ð6Þ
The intercept of 55 kg N km)2 year)1 is lower than the 107 kg N km)2 year)1

determined from the NANI vs. riverine nitrogen flux regression (Figure 2), but
not significantly so. The 95% confidence interval for the intercept determined
in Equation (6) extends from )155 to +255 kg N km)2 year)1. Note that the
term (0.00095 * P)0.762) expresses the fractional delivery of NANI, or F.

We also tested a more complex model, including not only (P * NANI) and
NANI as input terms but also P (that is, the complete interaction model for
NANI and P). This 3-variable, interacting-term regression model is also sig-
nificant (Table 4), but less so than the simpler model using just (P*NANI) and
NANI. The addition of P alone does not contribute significantly (p=0.613;
Table 3), and its inclusion in the regression lessens the significance of the other
two terms in comparison to the simpler 2-term model (p=0.036 for (P*NANI)
compared to p=0.0002, and p=0.091 for NANI, compared to p=0.0024;
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Table 3). This adds to our confidence in the approach we used to derive a
predictive equation for riverine nitrogen flux by combining the relationship
between NANI and riverine N flux (Equation (2); Figure 2) with the rela-
tionship which best predicts the fractional delivery of NANI as a function of
precipitation (Figure 3a).

A regression that relates riverine discharge to P and NANI without an
interaction of P and NANI yields the following equation:

R ¼ ð2:47 � PÞ þ ð0:29 �NANIÞ � 2710 ð7Þ
This relationship, too, is highly significant (p=0.00001) with both the P and
NANI terms contributing significantly to the regression (p=0.002 and
p=0.0001, respectively; Table 3). However, the adjusted R2 value (0.79) and F-

Table 3. Summary statistics for several linear regression models that predict riverine nitrogen flux

(R) based on precipitation (P) and net anthropogenic nitrogen inputs (NANI).

Interacting-term

model with NANI

and P *NANI

Interacting-term

model with P, NANI,

and P *NANI

non-interacting

term model with

P and NANI

Regression statistics

R2 0.875 0.877 0.821

Adjusted R2 0.855 0.847 0.793

Standard error 179.5 184.8 749.3

Observations 16 16 16

ANOVA

df for regression 2 2 2

df for residual 13 13 13

F 45.36 28.63 29.75

P <0.00001 0.00001 0.00001

Intercept

Coefficient 55 920 )2710
Standard error 93 1670 749

t-statistic 0.59 0.55 )3.61
p-value 0.56 0.59 0.003

NANI

Coefficient )0.762 )1.03 0.287

Standard error 92.7 0.561 0.040

t-statistic )3.76 )1.84 7.24

p-value 0.0024 0.091 0.00001

P

Coefficient – )0.77 2.47

Standard error – 1.49 0.65

t-statistic – )0.520 3.80

p-value – 0.61 0.002

P *NANI

Coefficient 0.00095 0.00095 –

Standard error 0.00018 0.00018 –

t-statistic 5.12 5.12 –

p-value 0.0002 0.036
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ratio (28.9) are slightly lower than for equations 5 and 6, where P and NANI
interact (compare Tables 3 and 5). As discussed below, predictors that do not
include interaction terms, such as that in Equation (7), lead to dramatically
different mechanistic interpretations than do the predictive equations which
include such interactions, such as equations 5 and 6.

The slope of the regression line when riverine nitrogen fluxes predicted using
NANI and precipitation (Equation 6) are plotted against the actual observed
nitrogen fluxes is very close to 1:1, with a very good linear fit (Figure 4a).
However, an exponential fit of the regression looks reasonable as well (Fig-
ure 4b), and statistically, the two fits are indistinguishable. The exponential fit
indicates the possibility of a bias in Equation (6), with it under-predicting
riverine nitrogen fluxes at both the low and high end of the relationship. At the
low end, this would be consistent with a ‘‘pristine’’ riverine nitrogen flux

Table 4. Summary statistics for two interacting-term linear regression models that predict riverine

nitrogen flux (R), based on discharge (Q) and net anthropogenic nitrogen inputs (NANI) or based

on population density (D) and precipitation (P).

Interacting-term model

with NANI and Q*NANI

Interacting-term model

with D and D*P

Regression statistics

R2 0.874 0.828

Adjusted R2 0.855 0.801

Standard error 179.7 210.4

Observations 16 16

ANOVA

df for regression 2 2

df for residual 13 13

F 45.28 31.25

P <0.000001 0.00001

Intercept

Coefficient )101 374

Standard error 101 73.5

t-statistic )1.00 5.09

p-value 0.33 0.0002

NANI

Coefficient )0.096 –

Standard error 0.077 –

t-statistic )1.24 –

p-value 0.24 –

D

Co efficient – 25.0

Standard error – 8.6

t-statistic – 2.90

p-value – 0.012

Interacting term

Coefficient 0.00087 )0.18
Standard error 0.00017 0.0071

t-statistic 5.11 )1.58
p-value 0.0002 0.023
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(NANI=0) that is greater than the 55 kg N km)2 year)1 predicted from
Equation (6). The exponential fit instead suggests a ‘‘pristine’’ riverine nitrogen
flux of 255 kg N km)2 year)1 (Figure 4b). At the high end of the relationship,
the exponential fit would be consistent with the concept of nitrogen saturation
(Aber et al. 1998, 2003). That is, the percentage of nitrogen exported from the
landscape may increase disproportionately with nitrogen loading to the land-
scape above a certain point. Aber et al. (2003) have shown that nitrogen losses
from forests in the northeastern US increase dramatically and non-linearly as
atmospheric deposition exceeds �700 kg N km)2 year)1, as occurs in several
of the watersheds included in our data analysis.

Discharge is not quite as good a predictor of the fractional delivery of NANI
as is precipitation, but it is still significant (Figure 3a and b). We can use
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discharge instead of precipitation to develop a predictive equation for riverine
nitrogen flux following the steps outlined above, using a 2-variable, interacting-
term regression with Q and (Q*NANI). This also gives a highly significant
relationship (Table 4) and yields the equation:

R ¼ ð0:00087 �Q� 0:096Þ �NANI� 101 ð8Þ
The regression statistics are very similar to those for the 2-variable model using
precipitation (compare Table 4 with Table 3), with one exception: the NANI
term alone does not contribute significantly to this regression (p=0.24;
Table 4), and the regression is driven largely by the interactive (Q*NANI)
term. Note also that the intercept is negative ()101 kg N km)2 year)1). This
intercept corresponds to the predicted riverine nitrogen flux in the situation
where there was no human disturbance (NANI=0), and a negative nitrogen
flux from rivers is of course nonsensical. The 95% confidence limits for the
intercept, however, extend from )319 to +116 kg N km)2 year)1. Plots of the
riverine nitrogen fluxes predicted from Equation (8) (using the NANI plus the
interaction term Q*NANI) are shown in Figure 5a and b. These are very
similar to those plots showing predictions based on (P*NANI) and NANI
(Figure 4a and b).

It is also of interest to know whether simpler ‘‘proxy variables’’ for NANI
have as much explanatory power. Population density is an example of such a
variable, and has been used in many studies as an explanatory variable for
nutrient discharge (Peierls et al. 1991; Smith et al. 2003). We tested a rela-
tionship of the same form Equation as 4, but substituting population density
(D) for NANI, and obtained:

R ¼ ð�0:018 � P �DÞ þ ð25:0 �DÞ þ 374 ð9Þ
With an adjusted R2 of 0.80, it is a good relationship that is highly significant
(Table 4), but not as predictive as using NANI (Table 3). Both the D term and
the interaction term are significant (p=0.012 and p=0.023, respectively), but it
is interesting to note that the signs are opposite those of the corresponding
terms in Equation (5), suggesting that population density is not behaving as a
simple proxy for NANI. As discussed above, equations 5 and 6 suggest that the
slope of the relationship between R and NANI is itself a positive linear func-
tion of P; Equation (9) indicates that the corresponding slope of the
relationship between R and D is a negative linear function of P.

Discussion

Given that many of the statistical models we explore do a good to excellent job
of predicting riverine nitrogen flux, one must interpret them with care.
Nonetheless, our analysis indicates a greater fractional export of NANI from
the watersheds with greater precipitation (Figure 3a) and discharge
(Figure 3b). Note that this greater fractional export of NANI is not due to

178



flushing during wet years of nitrogen stored in the landscape during preceding
dry years, as observed by McIsaac et al. (2001). Our analysis is based on mean
fluxes of nitrogen over a 6-year period in watersheds across a climatic gradient,
and the discharge from these watersheds during the period of analysis (1988–
1993) is typical of the longer time scale observed over the last half century
(Figure 1). We therefore believe that our results reflect the long-term influence
of climate on the fate of NANI. The most plausible interpretation mechanis-
tically is that the sinks for nitrogen in the landscape are smaller in watersheds
with greater precipitation and discharge.

In general, the sinks for reactive nitrogen in the environment are poorly
known (Galloway et al. 2004), but they are as well estimated for these 16
northeastern U.S. watersheds as for any other region on Earth. The best
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estimates are that for the NANI not exported in rivers from these 16 water-
sheds, roughly one third accumulates in soils or biomass or is exported from
the watersheds in wood, while approximately two thirds is denitrified (van
Breemen et al. 2002). It may seem paradoxical that a wetter climate would lead
to either less storage of nitrogen in soils and biomass or less denitrification, as
one might actually predict greater accumulation of organic matter in the soils
of wetter environments, and greater rates of denitrification in wetter environ-
ments where soils are perhaps more likely to be waterlogged. We suggest that
the major influence of climate on the nitrogen sinks is for less denitrification in
the watersheds with greater precipitation and discharge, due to faster flushing
of water through riparian wetlands and low-order streams. These riparian
wetlands and low-order streams are likely to be sites of significant denitrifi-
cation, and the amount of nitrogen that can be removed from these systems is
directly related to the water residence time (Howarth et al. 1996; van Breemen
et al. 2002; Seitzinger et al. 2002).

Lewis et al. (1999) have demonstrated that the nitrogen fluxes from undis-
turbed catchments in the tropics are greater where discharge is higher, a result
which could be explained by higher rates of biological nitrogen fixation in the
wetter environments, lower sinks for nitrogen in the wetter environments, or
both. Lewis (2002) found a very similar relationship for small catchments in the
United States where rates of deposition were relatively low (mean of 280 kg
N km)2 year)1, but note that deposition was greater than 400 to 500 kg
N km)2 year)1 in many of the catchments). For these catchments, it is unlikely
that higher rates of nitrogen fixation can explain the pattern: assuming that
only 20 to 25% of the nitrogen inputs (atmospheric deposition plus natural
biological nitrogen fixation) are exported in stream flow (as for average NANI
and total nitrogen inputs in larger temperate-zone watersheds; Howarth et al.
1996; Boyer et al. 2002), rates of biological nitrogen fixation would have to
exceed 2,000 kg N km)2 year)1 in the wetter catchments to support the
observed nitrogen exports in streams. Such rates have not been observed in
temperate-zone terrestrial ecosystems (Cleveland et al. 1999) and are an order
of magnitude higher than estimates for the forests of the 16 major northeastern
watersheds (Boyer et al. 2002). We suggest that the most likely explanation for
the observation of Lewis (2002) is that the nitrogen sinks are smaller in the
wetter environments, and that a higher fraction of NANI (and perhaps natural
nitrogen fixation) is exported, as suggested in our analysis.

The statistical models we present in this paper fall into two general types:
those that have an interactive term between NANI and precipitation or dis-
charge (equations 5, 6, and 8) and those where there is no multiplicative
interaction between NANI and the climate variable (Equation 7). These have
very different physical interpretations. For the models shown in equations 6
and 8, the influence of climate is on the fractional export of NANI, and a
greater fraction of NANI is exported in watersheds with more precipitation
(Equation 6) and higher discharge (Equation 8). This sort of model indicates
that the background flux associated with natural sources of nitrogen in the
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landscape is small, and that the climate might have a major influence on
riverine nitrogen flux by altering the fractional delivery of NANI. For the
non-interactive type of model (Equation 7), there is still a strong influence of
climate on riverine nitrogen flux, with higher fluxes in wetter environments.
However, there is no influence of climate (precipitation) on the amount of
NANI that is exported, which remains constant at 29% (see Equation 7), but
rather only on the background or ‘‘natural’’ flux of nitrogen. This flux must
originate with the natural rate of biological nitrogen fixation. According to this
model, then, the higher riverine nitrogen fluxes in the watersheds with more
precipitation are due to higher rates of biological nitrogen fixation in forests.
These rates of fixation are not well known, but in our earlier estimates, the
rates of fixation are in fact lower in the wetter watersheds (Boyer et al. 2002).
The physical interpretation of Equation 7 suggests that the rates of nitrogen
fixation in the wetter watersheds must be of the magnitude of 2,800 kg
N km)2 year)1 higher than in the driest of the 16 northeastern watersheds. As
noted above, these rates would be at least an order of magnitude higher than
likely for temperate-zone forests (Cleveland et al. 1999; Boyer et al. 2002).
Thus, while both classes of models provide very good to excellent statistical fits
to the data, only the interacting-term models (such as equations 6 and 8) lead
to realistic interpretations. We conclude that the effect of climate on riverine
nitrogen export is very likely to be on the fractional delivery of NANI (as
illustrated in Figure 3a and b) rather than the background natural flux of
nitrogen.

We can use these interacting-term models (equations 6 and 8) to begin to
estimate how future climate change might affect riverine nitrogen fluxes. Najjar
et al. (2002) provide estimates for future changes in precipitation and discharge
for the mid-Atlantic coastal region, which includes roughly half of the 16
watersheds in our study. Their estimates, based on both the Hadley Centre and
Canadian Climate Centre models for global climate change, suggest a mean
likely increase in precipitation of 4% and of discharge of 2% by 2030, with
increases in precipitation and discharge by 2095 of 15 and 11% respectively.
Such estimates are quite uncertain (Table 5), but they provide a context for

Table 5. Predicted consequences of climate change on riverine nitrogen flux in the Susquehanna

River to Chesapeake Bay. Estimates rely on the range and mean projections of change in

precipitation and discharge by 2030 and by 2095 from Najjar et al. (2000) and on our equations 6

and 8, which relate riverine nitrogen flux to NANI and either precipitation or discharge. NANI is

assumed not to change. Mean projected values are shown, with the range given in parentheses.

2030 2095

Change in precipitation +4% ()1% to +8%) +15% (+6% to +24%)

Change in discharge +2% ()2% to +6%) +11% ()4% to +27%)

Change in riverine nitrogen flux,

based on precipitation

+17% ()4% to +35%) +65% (+26% to +200%)

Change in riverine nitrogen flux,

based on discharge

+3% ()3% to +8%) +16% ()6% to +38%)
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examining the consequences on nitrogen fluxes. In Table 5, we illustrate the
potential magnitude of changes in riverine nitrogen fluxes for the Susquehanna
River basin due to future climate change, using both precipitation and dis-
charge as predictors, and using both the mean projections and the range of
projections given by Najjar et al. (2002). We chose the Susquehanna River for
this analysis both because it is the largest of the watersheds in the northeastern
United States and because it is the major input of nitrogen to main stem of
Chesapeake Bay (Hagy et al. 2004), one of the most nutrient-sensitive estuaries
in the country (NRC 2000). Further, the range of predicted future values for
discharge and precipitation in the Susquehanna River basin is within the range
of values currently observed across the climate gradient for the 16 northeastern
U.S. rivers, so we need not extrapolate our models beyond the observational
data upon which they are based. This is critical, particularly for precipitation,
where the relationship between precipitation and fractional delivery of nitrogen
inputs is quite steep (Figure 3a), and undoubtedly is not linear when the
precipitation is less than 800 or greater than 1,300 mm year)1.

For these predictions of the consequences of climate change on nitrogen
fluxes in the Susquehanna, we assume that NANI remains constant into the
future. Note that the estimate based on NANI and discharge (Equation 8)
over-predicts the flux from the 1988 to 1993 period by 13%, while the estimate
based on NANI and precipitation (Equation 6) underestimates this flux by
16%. Note also that all of the nitrogen projections given in Table 5 respond in
a non-linear way to climate forcing, with the nitrogen increases or decreases
larger than the respective changes in either precipitation or discharge. This
nonlinearity is particularly pronounced for the estimates based on precipita-
tion. While our projections obviously carry a great deal of uncertainty, they
suggest that compared to the 1988–1993 period, nitrogen fluxes down the
Susquehanna in 2030 may be 3 to 17% greater and in 2095 may be 16 to 65%
greater in response to climate change (Table 5, using mean estimates based on
the discharge and precipitation models). Such changes would obviously make it
much more difficult to achieve nitrogen reduction for Chesapeake Bay.

While riverine nitrogen fluxes for the northeastern watersheds are very well
explained on the basis of nitrogen inputs to the landscape and climate (Fig-
ures 5 and 6), it must be noted that a variety of management options are
available for greatly reducing nitrogen fluxes in rivers without necessarily
decreasing the net anthropogenic nitrogen inputs (NANI; see Howarth in press
and Howarth et al. 2006 for recent reviews of some of these options). For
example, planting winter cover crops on agricultural fields or switching from
annual to perennial crops can greatly reduce nitrogen losses from the fields
even when there is no reduction in fertilizer application (Randall et al. 1997;
Staver and Brinsfield 1998; Randall and Mulla 2001). That NANI so well
explains the riverine nitrogen fluxes, therefore, suggests that farming and other
nitrogen management practices (such as wastewater disposal) during the 1988–
1993 period of our study were relatively uniform across the watersheds. Great
opportunity exists to improve these management practices, and thereby help
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reduce nitrogen pollution in coastal waters. Nonetheless, our results indicate
that climate plays a significant role in determining the magnitude of the flux in
rivers of nitrogen from human-dominated landscapes.

Given the uncertainties in our analysis, our conclusions must be tempered,
and our projections must be qualified. Nonetheless, the analysis of the 16
northeastern watersheds illustrates that climate probably has a pronounced,
sustained influence on the flux of nitrogen in large rivers. The percentage of
nitrogen inputs to the landscape that is exported to coastal ecosystems by rivers
is greater in the watersheds with wetter climates, probably because the nitrogen
sinks in the landscape (primarily denitrification) are less. We believe that the
relationships developed here should be tested in a wider set of large watersheds
across as broad a climate gradient as possible. Should the relationships prove
robust, then the influence of future climate change must be an important
consideration in any management plans to control nitrogen inputs to coastal
marine ecosystems.
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Abstract. Recent national assessments document that nitrogen-driven coastal eutrophication is

widespread and increasing in the United States. This significant coastal pollution problem includes

impacts including increased areas and severity of hypoxic and anoxic waters; alteration of food

webs; degradation and loss of sea grass beds, kelp beds and coral reefs; loss of biodiversity; and

increased incidences and duration of harmful algal blooms. In this paper, we review two comple-

mentary approaches to assessing the causes and consequences of these trends, as well as potential

remedies for them. The first is a national-scale assessment, drawn primarily from expert knowledge

of those most familiar with the individual estuaries and integrated into a common analysis

framework. The second approach, focused on the Mississippi/Atchafalaya basin – the largest US

drainage basin – draws upon both quantitative and qualitative analyses within a comprehensive

framework, Integrated Assessment.

Recent national assessments (e.g., Bricker et al. 1999; NRC 2000; CENR 2003)
document that coastal eutrophication is widespread and increasing in the
United States and that, among the diverse issues confronting US coastal sys-
tems, the impact of excess nutrients is the most important pollution problem
(Howarth et al. 2000; NRC 2000; Ocean Commission 2004). These impacts
include increased areas and severity of hypoxic and anoxic waters; alteration of
food webs; degradation and loss of sea grass beds, kelp beds and coral reefs;
loss of biodiversity; and increased incidences and duration of harmful algal
blooms. While both nitrogen and phosphorus contribute to nutrient pollution,
nitrogen is the more significant driver of eutrophication in most US coastal
areas and humans have increased the average flux of nitrogen to the coastal
waters of the United States by four to fivefold; in some regions the increase has
been as large as 10-fold (NRC 2000; Howarth et al. 2002). Population growth,
expanded land development, and intensified agriculture are likely to increase
nitrogen loads substantially in the future.

Efforts to address these issues most often require actions at local levels;
however, there is value in providing both national and watershed perspectives
on the issue. In this paper, we review two complementary approaches to
assessment. The first is a national assessment, drawn primarily from expert
knowledge of those most familiar with the individual estuaries and integrated
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into a common analysis framework. The second approach – an Integrated
Assessment of the Causes and Consequences of Hypoxia in the Northern Gulf
of Mexico – addresses the largest US drainage basin and draws upon both
quantitative and qualitative analyses within a comprehensive framework that
considers causes and consequences of nutrient inputs, and examines alterna-
tives to reduce, mitigate and control nutrient related impacts. The sections
below outline both approaches and illustrate how they produce information at
complementary scales and for different audiences.

National estuarine eutrophication assessment

In the early 1990s in response to the knowledge that some estuaries were
showing signs of nutrient related degradation as evidenced by hypoxia in Long
Island Sound, Chesapeake and Mobile bays (Welsh 1991) and the concern that
this might be a wide spread problem, NOAA conducted a nationwide assess-
ment to discern the magnitude, severity, and location of eutrophic conditions.
The intent was to learn whether these problems were local, regional, or
national in scale, to determine probable causes, and to provide this information
to managers such that observed problems could be addressed at the appro-
priate level.

The National Estuarine Eutrophication Assessment (NEEA) was carried out
in three phases. First, questionnaires were used nationally to collect data and
information for 16 nutrient related water quality variables (NOAA 1996,
1997a–c, 1998). Second, results for six of the 16 variables were selected to
provide an assessment of overall conditions within the water bodies (Bricker
et al. 1999). Finally, additional databases were used to evaluate the probable
causes of observed conditions and to make projections about future outlook.

The original method is described here in brief, as are recent improvements
and modifications made by the Assessment of Estuarine Trophic Status group
(ASSETS, Bricker et al. 2003). A full description of the original method can be
found in Bricker et al. (1999) and details for modifications can be found in
Bricker et al. (2003). Additionally, a brief description is provided of the con-
tinuation of this work through the NEEA Update Program (Bricker et al.
2004). This program is intended to provide results to inform managers,
researchers, and politicians about the success of legislation and management
measures designed to address eutrophication issues. The update, anticipated
for release in late 2006, (http://ian.umces.edu/neea), will provide case studies
that examine the success of management since the early 1990s in order to
inform recommendations for analysis and application of appropriate man-
agement measures in systems nationwide. It is meant to be a companion
program to a National Research Program for Nutrient Pollution in Coastal
Waters (Howarth et al. 2003) and interactive with European Commission
efforts such as the Water Framework Directive 2000/60/EC (WFD e.g. OS-
PAR 2002, 2003; Coast 2003).
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Indicator selection and characterization

Sixteen nutrient-related water quality indicators were selected to characterize
eutrophic conditions across very different systems (Hinga et al. 1991). This
suite of variables was broad enough to assess all estuarine types and to provide
clear distinction of conditions among estuaries. The data and information
collected included magnitude, timing, and frequency of occurrence of extreme
conditions during the annual cycle. For example, Chlorophyll a data considers
the concentrations during the largest bloom (e.g. winter-spring bloom), the
spatial area over which the highest concentrations occur, and the frequency
with which blooms recur (e.g., annual, persistent, episodic).

Response ranges were developed from U.S. estuarine data and were selected
to be simple to use and to distinguish the magnitude of eutrophic symptoms
among estuaries. For example, Chlorophyll a and dissolved oxygen concen-
trations were assigned to High, Medium and Low categories based on obser-
vations as well as discussions with local investigators. Chlorophyll a bloom
concentrations were assigned as Low=0–5 lg l)1, Medium=[5–20 lg l)1,
High=[20–60 lg)1 and Hypereutrophic=[60 lg l)1. Dissolved oxygen
conditions were assigned as Anoxic=0 mg l)1, Hypoxic=[0–2 mg l)1,
Biologically Stressful=[2–5 mg l)1 (Table 1; for full detail of criteria see
Bricker et al. 1999 or Bricker et al. 2003). Although some response criteria may
not distinguish among estuaries within a region, they are intended to distinguish
among estuaries on a broad geographic basis. However, these ranges did not
work universally for the 138 systems and the NEEAUpdate Program is working
to re-evaluate the ranges and develop criteria that will more accurately char-
acterize conditions by type of estuary (where type classification is determined
primarily by similar physical and hydrologic characteristics).

For epiphyte and macroalgal abundances, and nuisance and toxic algal
blooms, a different approach was used because there is no standard measure
for these variables. For these indicator variables, NEEA participants were
asked simply if they were or were not a problem in their system (e.g., nuisance
and toxic blooms causing fish kills, macroalgae causing losses of SAV or
smothering of bivalves).

Data for conditions and trends in 138 U.S. estuaries and the Mississippi/
Atchafalaya River Plume were collected in a series of questionnaires, site visits,
and regional workshops (NOAA 1996, 1997a–c, 1998). Data were collected by
salinity zone (Tidal Fresh=0–0.5 ppt, Mixing Zone=0.5–25 ppt, Seawater
Zone	 25 ppt) for each system, providing a basis for comparison among the
highly varied systems. About 400 participants from academia, and state,
federal, and local agencies provided information and data. A reliability
assessment (self-assigned) ranging from ‘highly confident’ to ‘speculative’ was
offered for each response since the information varies from statistically tested
scientific data to general observations. The final assessment also has an asso-
ciated reliability assessment based on the reliability of data and information
used in the analysis.
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The NEEA/ASSETS assessment methodology

The NEEA model (Bricker et al. 1999), and recent modifications described in
the Assessment of Estuarine Trophic Status (ASSETS; Bricker et al. 2003),
uses a Pressure-State-Response framework to assess eutrophication in three
component parts:

� Overall human influence (OHI) on development of conditions (Pressure),
� Overall eutrophic conditions (OEC) within a water body (State), and
� Determination of future outlook (DFO) for conditions within the system

(Response).

Aspects of each component use a decision logic approach to combine data and
information into single multi-dimensional descriptors and matrices are used to
combine two components into a single descriptor for each of the three com-
ponents.

Pressure – overall human influence (OHI)

The ‘Pressure’ component of the assessment is designed to determine the
influence of human related inputs relative to the natural tendency of a system
to either retain or flush nutrients (i.e. susceptibility). This component is
determined by combining in a matrix an estimation of susceptibility of a sys-
tem, and the level of nutrient inputs from the watershed. Participants in the
NEEA used watershed nutrient model estimates (SPARROW; Smith et al.
1997), watershed population density and other demographic data in the
Coastal Assessment and Data Synthesis (CADS 1999) to estimate inputs.
These were divided into High, Medium, and Low categories. Hydrologic and
physical data from CADS (1999) was used to determine susceptibility. In a
logic decision approach, the dilution potential takes into account vertical
stratification and dilution volume which are dependent upon the stratification
status. Similarly, the flushing potential is estimated from tide range and the
ratio of freshwater inflow to the volume of the estuary. The final susceptibility
estimate of High, Medium, or Low is determined in a matrix combining the
dilution and flushing values (Bricker et al. 1999).

In ASSETS, improvements were made to the original methodology by
applying a simple model to better estimate the level of human related nutrient
inputs to the system. The model compares anthropogenic nutrient loading and
natural background concentrations and also factors in potential nutrient inputs
from oceanic sources thus addressing the question of whether management
measures would be successful. The results of the model calculation, essentially
a ratio of land or human related inputs to oceanic inputs, are assigned one of
five categories: High, Moderately High, Moderate, Moderately Low, and Low
and are used in the matrix with the susceptibility measure in place of the
nutrient load estimates that were used in the NEEA. For a full description of
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model development and use of the matrix to estimate the level of human
influence see Bricker et al. (2003).

State – overall eutrophic condition (OEC)

To determine overall eutrophic condition, six variables were selected from the
original 16 that were characterized in the NEEA (Table 1; Bricker et al. 1999).
These were divided into two groups: primary or early stage symptoms (chlo-
rophyll a, epiphytes, macroalgae), and secondary or well developed eutrophi-
cation symptoms (dissolved oxygen, Submerged Aquatic Vegetation (SAV)
loss, harmful algal bloom occurrence). In the original NEEA, a logic decision
approach was used to determine the level for each variable within each estu-
arine salinity zone. The level for an indicator is a combined value of the
extreme concentration or condition of the variable (e.g. bloom concentration
of Chl a, or lowest concentration of dissolved oxygen), the spatial area over
which the extreme conditions occur, and the frequency with which it is
observed (e.g. annually, periodically, episodically; Table 2). The separate
salinity zone results are then combined to give a weighted average value for the

Table 2. Logic decision approach for Chlorophyll a level of expression (Bricker et al. 1999).

IF AND AND THEN

Concentration Spatial coverage Frequency Expression Value

Hypereutrophic or High High Periodic High 1

Moderate Periodic High 1

Low Periodic Moderate 0.5

Very Low Periodic Moderate 0.5

High Episodic High 1

Moderate Episodic Moderate 0.5

Low/Very Low Episodic Low 0.25

Any spatial coverage Unknown Flag A 0.5

Unknown Any frequency Flag A 0.5

Medium High Periodic High 1

Moderate Periodic Moderate 0.5

Low/Very Low Periodic Low 0.25

High Episodic Moderate 0.5

Mod/Low/Very Low Episodic Low 0.25

Any spatial coverage Unknown Flag A 0.5

Unknown Any frequency Flag A 0.5

Low Any spatial coverage Any frequency Low 0.25

Unknown Unknown Unknown Not included in cal-

culation at zone level

Chlorophyll a Level of Expression Determination.

Spatial coverage and frequency of occurrence are used to determine the level of expression for each

salinity zone and are then aggregated up to the estuary level.
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estuary which is given a numerical value that is then converted to a categorical
rating (i.e. High, Moderate, Low).

The overall primary symptom level is determined by averaging the values for
Chla, epiphytes, and macroalgae; whereas the highest of the three secondary
symptoms (dissolved oxygen, loss of SAV, nuisance and/or toxic bloom
occurrences) is selected based on the assumption that these symptoms indicate
a well developed problem. These values are combined to determine an overall
rating of eutrophic conditions for the estuary (Figure 1). Assessment results
show that nutrient related water quality problems occur on a national basis
(Figure 2).

Recent modifications have been made that allow the use of data rather than
‘expert knowledge’ for Chl a and dissolved oxygen. These variables are
measured in a standard manner and statistical criteria were developed to
quantify them in a more robust manner while staying true to the intent of
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Figure 1. Matrix for determination of overall eutrophic condition from primary and secondary

symptom levels (from Bricker et al. 2003).
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reporting extreme concentrations. The approach used is to determine 90th
percentile concentration during the annual cycle for Chlorophyll a and the 10th
percentile for dissolved oxygen (Bricker et al. 2003). These are then converted
to the categorical ratings using the thresholds of the NEEA (i.e. for Chl a;
Low=0–5 lg l)1, Medium	5–20 lg l)1, High=	20–60 lg )1 and Hypereu-
trophic	 60 lg l)1) and used in the same manner as described above. Addi-
tional improvements to the original ‘expert knowledge’ methodology have also
been proposed for macroalgae, and submerged aquatic vegetation based on
comparison of potential area of colonization and effective colonized area.
Presently these are still determined heuristically. Due to the lack of data on a
national basis, epiphytes are no longer used as an indicator.

Response – determination of future outlook (DFO)

The Response component or future outlook is designed to estimate changes that
might occur given predicted changes in nutrient input to a system. Like the other
components this is determined by a matrix that combines susceptibility of the
system with expected future changes in nutrient loads. Predictions of nutrient
loading (increase, decrease, unchanged) are based on predicted population
increase, planned management actions and expected changes in watershed uses.
Results show that 86 systems were expected to become worse and only eight to
improve from the early 1990s to the year 2020 (Bricker et al. 1999). The NEEA
Update anticipated for late in 2006 will provide an interim report of changes
over a decade, from the early 1990s to the early 2000s.

Synthesis – grouping pressure, state and response indicators

An additional modification to the original method (ASSETS; Bricker et al.
2003) combines the OEC, OHI, and DFO into a single overall score falling
into one of five categories: high, good, moderate, poor, or bad. These cate-
gories conform to the EU Water Framework Directive (EUWFD; 2000/60/
EC) and the framework provides a scale for setting eutrophication related
reference conditions for different types of systems (e.g., Bettencourt et al.
2004).

Additional modifications: NEEA update program

Further modifications that are presently being pursued in the NEEA update
program include the development of a type classification based on physical and
hydrologic characteristics using the Deluxe Integrated System for Clustering
Operations (DISCO) tool (Smith and Maxwell 2002). Preliminary results are
promising (Smith et al. 2004) and will be used to determine type specific ref-
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erence conditions and thresholds for desirable/undesirable conditions for
indicator variables. Additionally, indicator variables are being evaluated by
type to ensure that all types of estuaries are assessed with indicators that are
relevant. For instance, in types where there is no SAV under natural condi-
tions, an alternative indicator will be used.

A socio-economic/human use indicator is being developed where changes in
fish catch rate are related to changes in water quality in the manner of Lipton
and Hicks (1999, 2003) and Mistiaen et al. (2003). Preliminary analysis of Long
Island Sound data shows that as nitrogen inputs decrease, dissolved oxygen
and recreational catch of Striped Bass increase. The increase in catch is shown
to be related to changes in oxygen when other influences (e.g. fishermen avidity
and experience, temperature, changes in fish stock) are accounted for (Mason
et al. 2004).

Finally, an online tool is being developed that can be used by scientists and
managers to assess eutrophication and compare with other systems of similar
types from the US and internationally (http://www.eutro.org). Results will be
stored so that trends can be developed and tracked online with successive
assessments. Additionally, the site provides publications that describe: the
legislative context nationally and internationally that drive assessment and
management, the general concept of the eutrophication issue, the development
of the NEEA/ASSETS methodology, and programs supporting monitoring,
assessment, management and research of nutrient related eutrophication in US
and EU estuaries and coastal waters.

An integrated assessment of the causes and consequences of hypoxia

in the northern Gulf of Mexico

The integrated assessment (IA) of the causes and consequences of hypoxia in
the northern Gulf of Mexico (CENR 2000) is an example of a watershed
approach to evaluating options for management action. While this approach is
proving to be effective on this massive scale, it can be as effective, in fact more
tractable, on smaller scales more typical of estuarine watersheds. The Missis-
sippi River system ranks among the world’s top 10 rivers in length, freshwater
discharge, and sediment delivery and drains 41% of the contiguous United
States (Figure 3). This massive river system discharges to the Louisiana/Texas
continental shelf producing the largest zone of oxygen-depleted coastal waters
(hypoxia) in the western Atlantic Ocean. Recurring summer hypoxia in the
northern Gulf of Mexico has received considerable scientific and policy
attention because of potential ecological and economic impacts from this very
large zone of low oxygen, and because of the implications for management
within its massive watershed (CENR 2000; Mitsch et al. 2001; Task Force
2001; Rabalais et al. 2002). In 1998, the Congress passed and the President
signed into law the Harmful Algal Bloom and Hypoxia Research and Control
Act (HABHRCA), which among other things called for an Integrated
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Assessment of its causes and consequences in support of an Action Plan to
reduce the size of the hypoxic zone. The analysis followed the Integrated
Assessment approach:

1. Define the policy relevant question around which the assessment is to be
performed. This was established early in the HABHRCA language – ‘assess
the causes and consequences of hypoxia in the northern Gulf of Mexico.’

2. Document the status and trends of appropriate environmental, social, and
economic conditions related to the issue. This is a value-independent
description of current conditions and, to the extent possible, the historical
trends in those properties.

3. Describe the environmental, social, and economic causes and consequences
of those trends. This often includes simulation, statistical, and other
explanatory models and analyses. Again, these descriptions are fact-based
although subject to analysis and interpretation.

4. Provide forecasts of likely future conditions under a range of policy and/or
management actions. This can be quantitative forecasts from models or
other trend analysis tools. These are subject to considerable scientific
evaluation and interpretation.

5. Provide technical guidance for the most cost effective means of imple-
menting each of those options. These efforts are designed to provide those
who are responsible for implementation the menu of approaches available

Figure 3. Mississippi/Atchafalaya River Basin and Gulf of Mexico Hypoxia (Rabalais et al.

2002).
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to them, along with some evaluation of their potential for success and cost-
effectiveness.

6. Provide an assessment of the uncertainties associated with the information
generated for the above steps and outline key monitoring, research, and
modeling needs to improve future assessments in this area.

To form a solid basis for the IA, six technical reports were commissioned
(Brezonik et al. 1999; Diaz and Solow 1999; Doering et al. 1999; Goolsby et al
1999; Mitch et al. 1999; Rabalais et al. 1999) and subjected to independent
peer review, followed by formal public comment (Rabalais et al 2002). These
reports documented the ecological and economic extent, characteristics, causes,
and effects of Gulf hypoxia; the flux and sources of nutrients in the Mississippi
River system; the effects of reducing nutrient loads on waters within the basin
and in the Gulf; methods to reduce nutrient loads; and the social and economic
costs and benefits of methods to reduce nutrient loads. Description of the
production, peer review, and public comment processes, along with the six
reports, the Integrated Assessment, public comments, and responses to those
comments are available at: http://www.nos.noaa.gov:80/Products/pubs_hy-
pox.html.

Regions of oxygen concentrations below 2 mg l)1 (hypoxia) that form off
the Louisiana coast each spring and summer increased from an average of
8300 km2 in 1985–1992 to over 16,000 km2 in 1993–2001 (Rabalais et al. 2002),
and reached a record 22,000 km2 in 2002 (Figure 4). The IA concluded that the
almost threefold increase in nitrogen load to the Gulf (Goolsby et al. 1999) has
been the primary external driver of increased hypoxia (Brezonik et al. 1999;
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Rabalais et al. 1999). This riverine nitrogen input stimulates coastal algal
production and the subsequent settling of organic matter below the pycnocline.
Because the pycnocline inhibits vertical oxygen flux, decomposition of organic
matter below the pycnocline consumes oxygen faster than it is replenished,
resulting in declining oxygen concentrations during the period of stratification.
Two key questions were asked during development of policies to reduce,
mitigate, and control Gulf hypoxia (Task Force 2001; Rabalais et al. 2002).
The first was: ‘When did large-scale hypoxia start in the Gulf of Mexico?’
Knowing the answer to this question is important both for understanding its
underlying causes and for identifying reasonable and practical goals for
reducing its size. During development of the initial IA, the answer to this
question was based on sporadic historical data and selected sediment core
records, and it could only suggest that significant changes in bottom water
oxygen conditions likely took place after the 1950s. The second question
debated during development of the Action Plan was: ‘What nitrogen load
reduction would be needed to reach the societal goal set for hypoxia?’ Model
analysis during the development of the initial IA indicated that reducing N
loads by 30–50% should increase oxygen concentrations in the bottom waters
by 35–50% (Bierman et al. 2001; Brezonik et al. 1999).

The IA also identified the most significant nitrogen sources within the basin
as being agricultural non-point sources originating in midwestern states.
Ninety percent of the nitrate inputs to the Gulf come from non-point sources;
74% from agricultural non-point sources; and 56% of the nitrate enters the
system north of Ohio River. Thus, the IA and resulting Action Plan focused on
addressing these non-point sources.

Mitsch et al. (1999, 2001) reviewed the range of methods and technologies
available to reduce N loads, including those from point and non-point sources,
and concluded that the most effective methods are those that keep nitrogen on
agricultural lands and those that encourage denitrification within the watershed
(Figure 5). Of the 2.5 million metric tons of N that could potentially be pre-
vented from reaching the Gulf, 24% could potentially result from denitrifica-
tion losses in wetlands and riparian buffers; whereas 73% could potentially
result from improved nitrogen management on farm lands. Only 2–3% would
be reduced from upgrading all sewage treatment plants.

Doering et al. (1999) evaluated costs associated with the various nitrogen
control and mitigation options. For example, they concluded that agricultural
practices (other than reduced fertilizer use) to reduce the loss of nitrogen at the
edge of the field would cost $0.88 per kg of Nitrogen for a 20% loss reduction
and $3.37 per kg of nitrogen for a 40% loss reduction. The higher costs per unit
N loss reflect the fact that achieving 40% loss reductions would require retiring
more productive lands than a 20% reduction. The costs associated with
achieving a comparable 20% N load reduction from reduced fertilizer appli-
cations is $0.69/unit N load, from construction and operation of 5 million
acres of wetlands is $8.90/unit N load, and from construction of 19 million
acres of riparian buffers is $26.03/unit N load.
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It is interesting to note that, while gross costs per unit N load reduction vary
considerably from $0.69 to $0.88 to $8.90 for reduced fertilizer use, other
improved agricultural practices, and wetland construction respectively, the net
costs ($0.67, $0.80, $1.00, respectively) are closer to each other. These net costs
include economic benefits such as reduced fertilizer purchases and wetland
benefits such as flood control, wildlife protection, and recreation. These
relatively comparable unit costs across the three major control approaches gave
the Task Force and related agencies flexibility in implementation. Fortunately,
recent reanalysis (McIsaac et al. 2001, 2002) of the effects of potential
management actions on nitrogen loads from theMississippi River Basin suggest
that those reductions might be even easier to achieve than estimated in the
original studies supporting the Action Plan (Doering et al. 1999).

Analysis and summary

Clark and Majone (1985) outlined four criteria for evaluating integrated
assessments – Technical adequacy, Value, Legitimacy, and Effectiveness. The
Gulf hypoxia IA and the National assessment (NEEA) score well on all four
criteria. ‘Technical adequacy’ was achieved in the IA through the independent
peer review of the six background technical reports and subsequent publica-
tions in the primary literature. NEAA was built from the peer reviewed liter-
ature, a formal process for integrating expert opinion, and peer review of the
overall product. ‘Value’ in the IA was established by responding directly to
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Farm N Mgt
35%

Alt Crop Syst
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Figure 5. Potential sources of N load reduction. Total potential reduction from all sources is 2.5

million metric tons per year. Data Source: Mitsch et al. (1999, 2001), CENR (2000).
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directives of the HABHRCA statute and the guidance and expectations of the
Task Force responsible for creating an action plan. The NEEA, published in
1999 effectively raised the profile of this national issue in Congress, with federal
and state agencies, and in stimulation of a comprehensive evaluation by the
National Research Council (NRC 2000). ‘Legitimacy’ in the IA was established
by engaging a wide range of stakeholders in the development and review of the
IA and background reports, as well as through formal public comment,
facilitated and open science meetings, and participation in seven public meet-
ings of the Task Force. The participation of most U.S. scientists and many
policy makers with expertise and experience in coastal eutrophication ensured
legitimacy for the NEEA.

According to Clark and Majone (1985), ‘Effectiveness’ is best measured by
two factors – did the assessment make a difference in a policy outcome and/or
did it influence how policy makers understand the problem. The first and most
obvious measure of effectiveness of the IA is that it led to an Action Plan (Task
Force 2001) that was endorsed by eight Federal Agencies, nine Basin States,
and two Tribes and delivered to the President and the Congress in 2001. The
second measure is that the IA has changed the way scientists and policy makers
think about and discuss options for dealing with excess nutrient loads to the
Gulf of Mexico, and to some extent, the rest of agriculturally dominated
coastal watersheds. NEEA similarly changed the focus of how U.S. agencies
and scientists viewed the problem of coastal eutrophication, as well as stimu-
lating continued dialog in both Congress and the administration (e.g., HAB-
HRCA, Ocean Commission 2004).

Morgan and Dowlatabadi (1996) suggest that assessments should be itera-
tive and include new information as it becomes available. Just as the National
Estuarine Eutrophication Assessment is being modified, updated, and
improved, new information is becoming available for the Gulf hypoxia
assessment, in time for the 5 year reassessment called for in the Action Plan
(Task Force 2001). While modeling and other analyses were sufficient to allow
the Task Force to establish a goal of reducing the average size of the hypoxic
region to below 5000 km2 by reducing N loads by 30%, subsequent modeling
efforts helped refine those estimates. These more recent analyses (Scavia et al.
2003, 2004) compared three very different models to reach the consensus that
large-scale hypoxia likely did not start in the Gulf of Mexico until the mid-
1970s and that the 30% nitrogen load reduction called for in the Action Plan
may not be sufficient to reach the plan’s goal. Load reductions of 35–45% are
likely to be needed to reach the hypoxia goals in most years.

These two examples provide templates for different approaches to assessing
coastal eutrophication. The national assessment was able to establish the
overall state of the nation with respect to coastal eutrophication even though
data were not uniformly available or comprehensively obtained. The use of
expert knowledge within a consistent and comprehensive framework produced
information upon which Federal policy makers could form a basis for action. It
also provided a sense of status and trends, with tentative notions of futures, for
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specific estuaries and regions, and it formed a basis for a more comprehensive
assessment that addressed causes and potential remedies at similar national
scales (CENR 2003). Continued improvements to the approach including
development of type specific indicators and thresholds and identification and
apportionment of watershed nutrient sources will result in more accu-
rate assessments of conditions and more targeted recommendations for
management.

The second approach focused on a particular watershed, albeit the largest in
the United States. This focus on the specific causes and consequences of
nutrient pollution for this watershed and receiving water enabled targeted
options for restoration, as opposed to the more general recommendations of
the national assessment. Similar approaches at smaller scales, such as indi-
vidual estuarine watersheds, are likely to provide a more effective basis for
managing coastal eutrophication.
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Abstract. Savannas are the most common vegetation type in the tropics and subtropics, ranging in

physiognomy from grasslands with scattered woody plants to woodlands with heterogeneous grass

cover. Productivity and organic matter turnover in savannas are controlled by interactions between

water and nutrient availability, and this basic environmental structure is modified by fire frequency

and land management practices. We compared temperate and tropical savannas in order to

understand the strength of nitrogen (N) limitation of productivity. American tropical and tem-

perate savannas are N limited systems, and the N cycle differs according to the woody plant

density, fire frequency, land use change, N deposition and N fixation. Grazing and conversion to

pasture have been the predominant land-use changes in most savannas. In the Cerrado and the

Llanos tropical savannas, intensified use of fire for pasture management is leading to decreased

woody plant density. Oppositely, in the Chaco and North American temperate savannas, fire

suppression and grazing are leading to increases in woody density. In addition, the higher soil P

availability in the Gran Chaco and the higher N deposition in North American savannas may be

contributing to increases of N cycling and net productivity rates. Some aspects of the N budget for

savannas of the American continent are still unclear and require further analysis to determine rates

of N fixation, and to understand how spatial and temporal soil heterogeneity control N fluxes

through soil solution and into streams.

Introduction

Savannas are the most common vegetation type in the tropics and subtropics
(Solbrig 1991; Scholes and Archer 1997). They cover extensive areas of South
America, Africa and Australia, and also occur in Central America, India, and
North America (Figure 1). In a broad sense, savannas can be defined as eco-
systems with a near continuous grass/herbaceous stratum, a discontinuous
layer of trees and shrubs of variable density, and where growth patterns are
closely associated with alternating wet and dry seasons (Bourlière and Hadley
1983 in Mistry 2000). The dry season can last from 2 to 9 months, and there is
also substantial climate variability between years (Frost et al. 1986).

Savanna ecosystems are controlled by the interactions between water and
nutrient availability, as savanna vegetation often occurs either on weathered
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soils with low nutrient availability, in regions of limited rainfall, or both
(Medina 1987; Sarmiento 1996; Reatto et al. 1998). This basic environmental
structure is modified by additional factors such as fire frequency and land
management practices. Almost one fifth of the world’s population lives in
savanna regions (Frost et al. 1986), and these are probably the oldest ecosys-
tems used by people, as they have supported hunting and pastoral practices for
millennia. Presently savannas are experiencing many transformations due to
agricultural intensification, over-grazing and changes in fire regimes. However,
there is little understanding of the strength of N limitation of productivity,
especially when comparing temperate and tropical savannas. This under-
standing requires data on inputs, outputs and internal cycling. Medina (1993)
presented an extensive review of the mineral nutrition in tropical savannas
containing considerable information concerning the N cycling. In this paper,
we present a comparison between temperate and tropical American savannas
based on the inputs, outputs and internal cycling of nitrogen. The interactions
between N and other elements controlling the N cycle, as well as the effects of
disturbance and land use changes, are presented.

In South America, savannas occur in two large patches north and south of
the Equator (Solbrig 1996). The principal tropical savanna region south of the
equator occurs entirely within Brazil, mostly in the central region of the
country, is locally known as the Cerrado and covers approximately 2 millions
km2. This wet seasonal savanna is a mosaic of plant formations with a gradient
of woody plant density ranging from open grasslands (campo limpo) through
open scrubland (campo sujo and cerrado sensu stricto) to dense woodlands
(cerradão) (Eiten 1972). The tropical savannas of northern South America (the
Orinoco Llanos) extend from the Guaviare river in Colombia to the eastern
coast of Venezuela covering approximately 500,000 km2 (Sarmiento 1983).
Vegetation physiognomy can also vary widely across the Llanos: from tree-less

Figure 1. The approximate global distribution of tropical grasslands, savannas and woodlands

(derived from Olson et al. (1983) by Scholes and Hall (1996).
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savanna grasslands to savanna woodlands with up to 80% tree cover
(Sarmiento 1984).

In the subtropical region of South America, there are different ecosystems
dominated by grasses, generally with sparse trees that can be considered as
savannas due to the structure and function, but most of them differ remarkably
from tropical savannas (Sarmiento 1996). Flooding and fire are key environ-
mental factors that may differ, and drought is associated with low tempera-
tures during the winter. While dystrophic acid soils dominate in the tropical
savannas, soils are mesotrophic in the subtropical systems, and alkalinity and
salinity can be important edaphic factors. These subtropical savannas reach a
higher diversity in the Gran Chaco region in Bolivia, Paraguay, Argentina and
small areas in Brazil. They are complex vegetation mosaics that vary
throughout the Chaco region.

In North America, sub-tropical savannas dominated by the genera Prosopis
(mesquite), Acacia and Andropogon are found throughout much of Texas and
northern Mexico, or more than 500,000 km2 (Bailey 1996). Areas of North
American savannas are now dominated by introduced grasses of African origin
(D’Antonio and Vitousek 1992; Asner et al. 2004). These savannas support a
wide range of vegetation physiognomies, from open grasslands with sparse
trees to dense mesquite woodlands having a nearly continuous understory of
herbaceous cover. Rainfall in the sub-tropical savannas of North America,
Australia and Africa ranges from less 400 mm to more than 1200 mm, and
mean annual temperatures vary from 9 to 27 �C. Soils also vary substantially
from oxic Ultisols on exposed Permian surfaces throughout Northern Texas to
sandy alluvial Inceptisols in Northern Mexico and Arizona (SCS 1962).

In large regions of North and South American and Australian savannas, the
vegetation has been heavily impacted by overgrazing following the introduc-
tion of large-scale cattle management practices (Asner et al. 2004). For
example, in the Argentine Chaco region, grasslands disappeared and were
replaced by a dense and thorny shrubland following years of heavy grazing
(Morello and Saraiva-Toledo 1959; Bucher and Schofield 1981). In the Cer-
rado region, Indians and farmers used fire for the past several thousand years.
The analysis of a sediment core of 6000 years revealed the presence of charcoal
particles in all depths, indicating the occurrence of burning throughout this
period (Vicentini 1999). However, in recent times the use of fire has become
much more intensive with the conversion of extensive areas of Cerrado to
pastures and grasslands. In other areas, fire suppression along with over-
grazing and climate change are implicated in a widely observed shift from open
savanna grasslands to ecosystems now densely populated by trees and shrubs
(Archer 1995). In Texas grasslands and savannas, encroaching mesquite
(Prosopis glandulosa var. glandulosa) has caused an increase in above-ground
biomass, which, in turn, has increased soil carbon (C) and nitrogen (N) storage
(Hibbard et al. 2001; Asner et al. 2003; Asner and Martin 2004).

Because global savannas cover an area of about 19.3 million km2 and are
typically burned at a frequency of 5 years or faster, they are important for
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regional and global atmospheric chemistry (Crutzen and Andreae 1999). The
nitrogen cycle is particularly sensitive to changes induced by frequent fires due
to substantial loss of this element through volatilization. In addition to the
impacts of frequent fires on the N cycle, recent increases in anthropogenic
deposition of N in natural ecosystems are more pronounced in grasslands and
savannas (Asner et al. 2001). These authors pointed out that the primary
controls over the fate of N in such regions are likely to be quite different than
in forested systems, which have been the traditional focus of N pollution
studies. The quantification of inputs and outputs of N in savanna ecosystems
demands a more intensive research effort, as scarce information is available on
N fixation rates and on both gaseous and solution N losses.

N inputs, outputs and internal cycling

Fire-nitrogen interactions

Nitrogen fluxes in savanna ecosystems are strongly influenced by the fire
regime to which they are subjected. This is true of all savannas, independent of
their geographical location (e.g., tropical or temperate). Fire affects the
dynamics of the vegetation, particularly the grass/woody biomass ratio
(Scholes and Archer 1997). Surface fires, which consume the fine fuel of the
herbaceous layer, are the most common in savannas but fine fuel load varies
with the degree of woodiness. The fine fuel of the herbaceous layer ranged from
85 to 97% of the fuel load from woodland savannas to open savannas in
Central Brazil (Miranda et al. 2003). As fire frequency increases, the grass-tree
ratio tends to increase (Sato et al. 1998), and the vegetation physiognomy shifts
to a more open form, which subsequently favors the occurrence of intense fires
(Miranda et al. 1996).

Greater losses of C, N and S of the aboveground biomass pools have been
observed after fires from grassland formations than from cerrado savannas and
cerradão woodlands (Kauffman et al. 1994). The differences in nutrient stocks
and the higher fuel consumption during fires in more open areas of cerrado
may explain the lower nutrient losses with greater density of woody plants. The
woody components of the vegetation are the major pool of nutrients, and
generally they do not burn during surface fires. Additionally, the nutrient stock
in the leaves of the woody plants (Silva 1990) is smaller than the nutrient
contained in the live biomass of the herbaceous layer (Batmanian 1983).

Nitrogen loss occurs through volatilization and via particulate matter
formation during combustion and during subsequent wind-born transport
(Kauffmann et al. 1994). Pivello and Coutinho (1992) estimated that, during a
cycle of six prescribed fires in a campo sujo area (grass-dominated vegetation
type), about 95% of the nitrogen in plant biomass was released to the atmo-
sphere. In addition to the losses of nitrogen through biomass burning, several
authors have shown that fire increased soil emissions of NO and N2O
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(Ward et al. 1992; Neff et al. 1995; Weitz et al. 1998; Wahlen et al. 2000). The
emissions of N oxides in savannas are discussed further in Section ‘Emissions
of NO and N2O’ (below).

Atmospheric deposition

A study conducted in a cerrado area protected from fire in Central Brazil
estimated total N input from atmospheric deposition at 4.2 kg ha)1 yr)1, with
a contribution of 2.2 kg ha)1 yr)1 as inorganic N (Resende 2001). This value of
total atmospheric deposition corresponds to 3.4% of the litter stock but to less
than 0.1% of the total N in the soil (0–100 cm). The same author determined
that the N leached from the canopy and accumulated litter amounted to
5.1 kg N ha)1 yr)1. Canopy and litter leachate was enriched in organic N.

A similar value of 2.2 kg ha)1 yr)1 was reported for the input of inor-
ganic N from bulk precipitation and dry deposition in a Trachypogon
savanna in Venezuelan Llanos (Montes and San Jose 1989). The input of
NH4-N was 2.0 kg ha)1 yr)1, but organic nitrogen input was not measured.
The reported inputs of inorganic N in the South American savannas are
lower than the values found in an African savanna (�5 kg ha)1 yr)1)
(Villecourt and Roose 1978 cited by Abbadie et al. 1992). Comparing
atmospheric deposition inputs and the amount of N in above- and below-
ground plant biomass in a Trachypogon savanna, Montes and San Jose
(1989) suggested that 19.5% of the N required for maximum biomass of
482 g m)2 during growth season was supplied by atmospheric deposition.
They pointed out that the distribution of rains seemed to determine essential
differences in the nutrient inputs, as the ratio of the nutrient input during
the rainy and the dry season ranged from 2.3 to 7.8. Unusual differences in
dry deposition chemistry between years seemed to be related to length of the
dry season, occurrence of sporadic rains during the dry season, and the
quality and quantity of fuel material. However, it cannot be assumed that
all atmospheric deposition would be readily available for plant uptake. A
recent report from Pacheco et al. (2004) for the Llanos indicated that sol-
uble organic N inputs may be an important contribution, making up 80%
of the total soluble N in rainfall. It remains to be established if this soluble
organic N constitutes a net N input to the soil–vegetation system.

Nitrogen deposition has been monitored in temperate and sub-tropical
savannas of Texas, USA as part of a national monitoring network (NADP
2003). NO3 deposition varies from 6 to 10 kg N ha)1 yr)1, depending upon
geographic location, local and regional wind and rainfall patterns, and land
use. Deposition of NH4 ranges from 2 to 4 kg N ha)1 yr)1, resulting in a total
wet deposition range of about 8–14 kg N ha)1 yr)1. These values are consid-
ered high, as they rival values observed in areas of the northeastern USA
thought to be undergoing N pollution and saturation (Asner et al. 2001).
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Nitrogen fixation

Global biological N fixation (BNF) in terrestrial ecosystems has been estimated
at 128 Tg N yr)1, supplying �15% of the N requirement across all biome
types (Galloway et al. 2004). According to this estimate, about 70% of BNF
occurs in regions with warmer climates – Africa (25.9 Tg N yr)1), Latin
America (26.5 Tg N yr)1) and Asia (21.4 Tg N yr)1). Cleveland et al. (1999)
compared global patterns of N fixation in natural ecosystems, and they in-
cluded Cerrado vegetation in the xeromorphic woodlands category with BNF
values of 9–34 kg N ha)1 yr)1. The same study presented the N-fixation in
tropical and wet savannas ranging from 16 to 44 kg N ha)1 yr)1, concluding
that this process is the major source of N in these systems.

An early attempt to estimate nitrogen balance in the savannas of northern
South America was published by Medina (1982). This review concluded that N
losses caused by burning grassland biomass amounted to less than 1% of the
total soil N inventory down to 30 cm depth. However, the preliminary balance
was strongly negative without including inputs through BNF. A more recent
attempt to balance the N budget for the Orinoco savannas was published by
Sanhueza and Crutzen (1998). In their budget (summarized in Table 1), the
most uncertain numbers are those of N input via biological fixation, particu-
larly in nodulated legumes. Without improved BNF values, as well as output
data such as NH3 volatilization, the calculated N balance ranges from )1.7 to
)11.1 kg N ha)1 yr)1. These values are small considering that Orinoco sav-
annas contain between 4000 and 5000 kg N ha)1 (Medina 1982). However,
until the uncertainties in the biological N fluxes are clarified, the ecological
significance of these losses on ecosystem function in the long-term remains
unclear.

Data on stocks and fluxes of N in a typical cerrado area (approx. 50% woody
cover) protected from fire for 28 years compiled from several studies carried out
on the same system are shown in Table 2. The total stock of N in the area is
1357 kg ha)1 considering the N stocks in soil (=1116 kg N ha)1 in the 0–10 cm
depth – this layer is supposed to be more influenced by the 28 years of fire
suppression), in the biomass of green leaves of woody species (=24 kg ha)1 –
most of the N is allocated in leaves for photosynthesis), in the belowground
biomass (=95 kg ha)1 – roots 2 mm in 0–100 cm depth) and in fine litter
(=123 kg ha)1). The inputs range from 20 to 48 kg ha)1 yr)1 considering
4 kg ha)1 yr)1 through atmospheric deposition and 16–44 kg ha)1 yr)1 through
N fixation. The outputs in the absence of fire are very low as the N2O emissions
are negligible and NO emissions represent a loss of only 0.4 kg ha)1 yr)1.
Although data on N fluxes in streams are not yet available, they might also be
negligible, as concentrations of NH4+ and NO3) in cerrado streams are 5–10
times lower than in streams of the eastern Amazon (Markewitz et al. 2001;
Parron 2004). At an input rate of 20–48 kg ha)1 yr)1, the time to accumulate a
stock of 1357 kg ha)1 ranges from 28 to 68 years, which encompasses the time of
fire suppression in the area (�28 years).
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In temperate savannas of North America, estimates of biological N fixation
range from 5 to 35 kg ha)1 yr)1 (Rundell et al. 1982). With higher N deposition
(8–14 kg ha)1 yr)1), the total inputs are estimated at 13–49 kg ha)1 yr)1

(Table 3). In comparison to outputs via N oxide trace gas emissions (0.3–
3.4 kg ha)1 yr)1; Martin et al. 2003) and low biomass burning fluxes due to
widespread fire suppression (Archer 1995), the inputs are enormous and likely
decreasing the strength of nitrogen limitation of primary production in many
regions. For example, Asner and Martin (2004) used field and published data
to show that total plant N requirement for a Texas savanna was about
21 kg N ha)1 yr)1 on oxic Ultisols with low woody and herbaceous plant
cover, well within the range of estimates of N input via deposition and bio-
logical fixation. While woody encroachment in these regions increases the
demand for nitrogen, soil organic N and N mineralization rates increased
significantly, which suggests that N fixation increases with woody encroach-
ment to accommodate N demand (Table 3). At this time, biomass burning

Table 1. General nitrogen budget for the Orinoco savannas (modified from Sanhueza and

Crutzen 1998).

Process Flux (kg N ha)1 yr)1)

N fixation

Blue-green algae 1–2

Azospirillum associations 1.3–8

Nodulated legumes (10–20) (estimated)

Atmospheric deposition

Wet deposition

NO3 0.65–1.3

NH4 0.56–3.3

Dry deposition

NO2+NO3+HNO3 0.42–0.87

NH4+NH3 4.1–9.7

Total input 8–26

(9–46) considering estimated legume contribution

Denitrification

N2O 0.18–0.63

N2 0.36–6.3

Biomass burning

NOx 1.2–3.6

NH3 0.75–2.3

N2O 0.05–0.15

RCN 0.35–1.1

N2 6.5–20

NO emissions from soils 0.3–3

NH3 volatilization (5.5–8.5) (estimated)

Total output 9.7–37.1

(20–45.3) considering NH3

volatilization

215



estimates of N losses or redistribution are scarce because fire suppression has
been much more common throughout many temperate savannas (Scholes and
Archer 1997).

N2-fixation by Legume–Rhizobia associations
A characteristic feature of South American savannas is the high diversity of
herbaceous and woody leguminous species. In fact, many of the forage legume
species cultivated today in the tropical world originate from South America
(Winter et al. 1989). Most legumes in tropical savannas live in association with
native Rhizobia strains. In a large survey of legume species of the savannas in
Venezuela, Barrios and Gonzalez (1971) found 109 nodulated species out of a
total of 127 species investigated. Most of the nodulated species were within the
subfamily Papilionoidae (73 species). The frequency of legume species in
Venezuelan savannas has been associated with low levels of exchangeable Al
and high levels of exchangeable Ca (these two parameters are inversely cor-
related; Medina and Bilbao 1991). In natural savannas, legumes have leaf

Table 2. General nitrogen budget for a cerrado sensu stricto protected from fire for 28 years.

Compartments Stock (kg ha)1) References

Total N – soil (0–100 cm) 4576 Resende (2001)

Total N – soil (0–10 cm) 1116 Resende (2001)

Aboveground biomass

(woody species)

37,787 Silva (1990)

Belowground biomass

(0–800 cm) (roots >2 mm)

27,649 Klink et al. (unpublished data)

Belowground biomass

(0–100 cm) (roots >2 mm)

25,638 Klink et al. (unpublished data)

Fine litter production

(kg ha)1 yr )1)

2300 Nardoto et al. (2006)

N in the biomass of leaves

of woody species

24 Considering that leaves represent 5%

of total aboveground biomass

(Silva 1990) and that the mean N

concentration in the leaves is

12.5 g kg)1 (Nardoto 2006)

N in the belowground biomass

(0–800 cm) (roots >2 mm)

103 Resende (2001)

N in the belowground biomass

(0–100 cm) (roots >2 mm)

95 Resende (2001)

N in the fine litter 123

Process Flux (kg ha)1 yr )1)

Internal cycling Nardoto and Bustamante (2003)

N mineralization (0–5 cm) 14

N fixation 16–44 Cleveland et al. (1999)

Atmospheric deposition

(wet+dry deposition)

4 Resende (2001)

Total input 20–48

NO emissions from soils 0.4 Pinto (2003)
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nitrogen concentrations above the critical level for normal growth; however,
the levels of P and of K are clearly deficient. This nutrient status may lead to a
decrease in plant growth due to the inhibition of effective nodulation (Medina
and Bilbao 1991). Although the density and diversity of legume species in
Cerrado areas are high (Felfili et al. 1992), there are very few reports about the
activity of nodules in legume species occurring in this region (Leitão 1997).
Low nodule activity was measured in Cerrado legume species of southeast
Brazil (Faria et al. 1984), while another series of studies stressed the nodulation
deficiency of the species with such capabilities (Campelo 1976; Döbereiner and
Campelo 1977; Magalhães et al. 1982). Besides the need for N fixation by the
plant, the magnitude of nodulation depends on the density of bacteria popu-
lations, and on the physical and chemical properties of soil. Factors such as P
and Ca limitation, high soil acidity, Al saturation, and seasonal water stress
may constrain BNF in tropical savannas of the Llanos and Cerrado. In the
Chaco, Mazzarino et al. (1991a, b) worked with the dominant tree species
Prosopis flexuosa DC (Fabaceae) and Aspidosperma quebracho-blanco Schlecht
(Apocinaceae), and pointed out that N availability in soil under the legume
species is higher than under the non-legume species as a consequence of the
legume capacity to biologically fix nitrogen.

Very little is known about the spatial and temporal dynamics of BNF in
North American savannas. The geographic extent of the major leguminous
genera (e.g., Prosopis, Acacia) have been determined by Johnson and Mayeux
(1990) who observed a large percentage of surveyed Prosopis glandulosa plants
with nodules, with maximum occurrences in southern Texas and New Mexico.

Table 3. General nitrogen budget for temperate mesquite savannas of North America.

Compartment Stock (kg N ha)1)

without woody

encroachment

With woody

encroachment

References

Soil organic N

(0–30 cm)

1900 on clays 3200 on clays Asner and Martin (2004)

2700 on loams 3100 on loams

Process Flux (kg N ha)1 yr)1)

Internal N cycling N

mineralization

(0–30 cm)

16.2 (9.6) on clays 29.6 (8.2) on clays Asner and Martin (2004)

117.6 (19.7) on loams 167.5 (26.9) on loams

60 (1) 140 (30)–220 (20) Hibbard et al. (2001)

N fixation

Legumes 5–35 Rundell et al. (1982)

Atmospheric deposition

Wet deposition

NO3 6–10 NADP (2002)

NH4 2–4 NADP (2002)

Total input 13–49

N2O emissions

from soils

<0.5 <0.5 Martin et al. (2003)

NO emissions

from soils

0.3 (0.2) on clays 0.6 (0.2) on clays Martin et al. (2003)

2.4 (0.4) on loams 3.4 (0.5) on loams
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Rates of BNF have been estimated in Prosopis, Acacia and other genera in
Southern Texas (Zitzer et al. 1996; Archer et al. 2001). Based on Zitzer et al.
(1996), we estimate BNF rates of up to 25 kg N ha)1 yr)1. However, they
emphasized that substantial variations are caused by water availability and the
degree of woody cluster development, both of which affect soil N accumulation
rates and total stocks. Rundell et al. (1982) estimated BNF among Prosopis
plants at about 6–35 kg N ha)1 yr)1. Like tropical systems, estimates of the
temporal and spatial variability of BNF must be improved if the N balance of
temperate savannas is to be understood.

Despite the few studies directly documenting nitrogen fixation by native
legumes under natural conditions in South American savannas, there is some
indirect evidence suggesting N fixation for a few species. These indirect evi-
dences are based on the natural abundance of 15N and the concentration of
ureids and a-amino compounds in the xylem sap of young shoots (Medina and
Bilbao 1991; Izaguirre-Mayoral et al. 1992; Sicardi de Mayorca and Izaguirre-
Mayoral 1993).

The relative abundance of ureid (RAU%) was used by Izaguirre-Mayoral
et al. (1992) as an index for nitrogen fixation capacity of herbaceous and
suffrutescent legume species in central Venezuela. This index is based on the
assumption that ureids are the form in which fixed nitrogen is exported from
the nodules in the majority of tropical legumes. Soluble nitrogen compounds
are extracted with alcohol from young stems and the total N content and its
distribution in inorganic-N, a-amino-N and ureid-N is determined. RAU
values above 60% are recorded in species with high nitrogen fixation activity,
while values below 40% are indicative of low N2 fixation activity. In Figure 2,
the results of Sicardi de Mayorca and Izaguirre-Mayoral (1993) have been
drawn to show the differences in N2-fixation capacity in species separated in
subfamilies, and measured during the peak of the rainy and dry seasons. The
Faboideae contains most of the species studied. Besides, the best N2-fixers are
also within this subfamily. Drought strongly affects N2-fixation capacity, as
expressed by the reduction in RAU.

RAU values indicate short term N2-fixation activity. To evaluate long-term
fixation, the use of the natural abundance of 15N, expressed as d150N in ,
appears to be the method of choice. The rationale is that within the same
environmental conditions, N2-fixing species have more negative values than
non-fixing species. A few papers have reported large variations in d15N in
species of South American savannas (Medina and Bilbao 1991; Sprent et al.
1996; Bustamante et al. 2004a; Medina and Izaguirre 2004). These papers show
that, on average, the legumes have lower d15N (1–4 ) and higher N concen-
trations (�1%) than non-legumes. However, trees are consistently more neg-
ative than shrubs, irrespective of plant family (Bustamante et al. 2004a). Soils
both in central Brazilian Cerrados and central Venezuelan savannas have
strong positive d15N values ð[3Þ, and for the Venezuelan data set (Medina and
Izaguirre 2004), the plant–soil difference of d15N values ranges from )4 to �6
for legumes and )0.4 to )2.1 for non-legumes. The Brazilian study
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(Bustamante et al. 2004a) reports strongly positive soil d15N values ð[10Þ at
depths of 1–2 m. It seems clear that most legumes, particularly those of the
subfamily Faboideae, are active N2-fixers under natural conditions but to have
a reliable assessment of the contribution of legumes to the N budget of sav-
annas it is necessary to understand controls over legume density and seasonal
nitrogen fixation activity.

N2-fixation by free-living microorganisms
Cyanobacteria can make important contributions to soil N in most humid
savannas. In the Trachypogon-savannas of Central Venezuela, with 10–12%
cyanobacterial coverage, N2-fixation rates during the rainy season varied
between 0.4 and 0.7 mg N m)2 day)1 (Santaella 1985). According to Chacón
et al. (1991), these N-fixation rates would be enough to compensate potential
N losses that can occur through fire.

Free-living bacteria in the rhizosphere of grass roots have been reported to
fix significant amounts of atmospheric nitrogen (Boddey and Döbereiner 1995).
The reports are somewhat inconsistent, and disagreement persists regarding the
significance of this activity for the nitrogen budget of natural savannas. van
Berkum and Day (1980) reported rates ranging from 14.7 to 51.4 g N ha)1

day)1 in field grown Brazilian grasses. It seems more likely that rhizospheric
nitrogen fixation can occur as a slow but continuous process contributing small
amounts of organic nitrogen to savanna ecosystems. These amounts, however,
could become significant in areas where plant productivity is severely limited
by nitrogen availability (Giller and Day 1985) or where legumes are not
numerous (Abbadie et al. 1992). Nonsymbiotic nitrogen fixation has been
reported to be a significant contribution to the nitrogen budget in savannas
from West African. For these savannas, Robertson and Rosswall (1986) have
reported N fixation from free-living bacteria of about 12 kg ha)1 yr)1. Abril
and Bucher (1999) also concluded that nitrogen fixation by free-living micro-
organisms is an important process in the Chaco, particularly in degraded areas.
They measured changes in soil characteristics, nutrient availability and
microbial activity in a gradient of grazing intensity (highly restored, moder-
ately restored and highly degraded). Nitrogen fixation was more intense at the
moderately restored site (no grazing for 8 years), followed by the highly
degraded site (overgrazing), with the lowest values at the highly restored site
(no grazing for 20 years). The authors suggested that high nutrient availability
(particularly phosphorous) in the Chaco allows BNF (by both free-living and
symbiotic organisms) and organic matter production to shape vegetation
structure and function, including response to over-grazing. The Western Chaco
soil nutrient contents are relatively high when compared to other savannas of
the world (Table 4), most of which are located in highly weathered soils of
much older origin (Huntley and Walker 1982). Effects of P limitation on BNF
are discussed further in this paper. Additionally, the comparison of soil prop-
erties of the different savannas indicates that soil organic N is also relatively
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high in mesquite savannas of Texas relative to the organic C these soils contain
(Tables 4 and 5).

Mineralization/nitrification

In addition to N losses from frequent fires and environmental limitations on
biological fixation, high C:N of litter (�60:1) may contribute to low rates of
decomposition and mineralization in Cerrado areas, thus maintaining low N
availability. The decomposition rate of the litter in a cerrado site was estimated
at 2.2 years (Resende 2001). The mean biomass loss was 32% after about
1 year, and immobilization was observed for N, P and S, as their losses of these
elements were lower than the biomass loss.

Nutrient use efficiency (NUE) can be estimated as the annual increment of
biomass divided by the concentration of nutrients in the litter. A low NUE is
usually associated with relatively high soil fertility, whereas a high efficiency
may be linked to higher resorption in living biomass (Vitousek 1982). Com-
pared to Terra-firme forests, cerrado sites showed higher efficiency for N,
suggesting a greater limitation to productivity by nitrogen (Bustamante et al.
2004b).

The rate of net N mineralization in a cerrado site protected from fire was
14.7 N kg ha)1 yr)1 (Table 5), while in a burned cerrado site it was only
3.8 kg N ha)1 yr)1, 1 year after the burning (Nardoto and Bustamante 2003).
NH4-N increased after fire, but no significant changes were observed for NO3-
N. NO3-N accumulation occurred in short periods during the rainy season in
both sites. Data from the same areas after a fire event 2 years later indicated a
mineralization of 14.0 kg ha)1 yr)1 in the unburned cerrado and of
8.9 kg ha)1 yr)1 in the burned area (Viana 2002). The rates of N mineraliza-
tion were lower in savannas sites with lower woody density (campo sujo) in the
same location. Siqueira (2001) measured rates of 6.6 kg ha)1 yr)1 in an
unburned campo sujo and of 3.8 kg ha)1 yr)1 in a burned campo sujo.

Table 4. Comparison of organic carbon content, soil total nitrogen, C/N ratio and available in

different savanna regions.

Ecosystem Organic

carbon %

Total

nitrogen %

C/N Extractable

P (lg g)1)

References

Chaco (restored site) 4.7 0.28 16.8 52.5 Abril and Bucher (1999)

Llanos 1.2 0.07 17.1 2.3 Medina (1982)

Brazilian Cerrado 3.2 0.17 18.8 0.2 Resende (2001)

South African Savanna 4.1 0.18 22.8 32 Scholes and Walker (1993)

Australian Savannas 1.7 0.08 21.3 10 McKeon et al. (1991)

North America Mesquite

Savannas

1.2 0.18 6.7 Martin et al. (2003)
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Only a small part (�5 kg ha)1 yr)1) of the nitrogen content of the grass layer
in an African savanna enters through mineralization of the soil organic matter.
Most of the N comes from the recycling of the nitrogen stock in dead roots,
before humification (�40 kg ha)1 yr)1) as the annual bush fire destroys the
major part of stems and leaves (Abbadie et al. 1992). This indicates that
nitrogen is mostly internally recycled within the vegetation–soil system.

In the cerrado sites the rates of net N mineralization increased during the
rainy season while reductions in soil microbial biomass were observed at
burned and unburned sites. This suggested a peak of microbial activity with the
onset of the rainy season and initial net immobilization followed by net min-
eralization (Nardoto and Bustamante 2003). This microbial biomass dynamic
leads to the accumulation and conservation of nutrients in a biologically active
form during the dry period when the activity of the plants is low. At the
beginning of the rainy period, nutrients are released and taken up by plants
(Singh et al. 1989). In the Cerrado, although net N mineralization and net
nitrification rates were highest during the rainy season, inorganic-N concen-
trations decreased during the rainy season, indicating that plant uptake draws
down inorganic-N stocks and consumes the N released from net mineralization
(Nardoto and Bustamante 2003).

Despite the transient nature of nitrate in soils, the low content of NO3-N in
soils of the Cerrado sites could be related to low nitrification rates, even though
significant production of NH4-N occurs. Competition between plants and
microorganisms for ammonium is probably intense. Hence, the population of
nitrifying bacteria may be low in these soils. In soils of the Mediterranean zone
and under eucalyptus forests of Australia, similar results were also explained
by the low density of nitrifiers found in those soils, and no increase in nitri-
fication after fire was detected (Prieto-Fernandez et al. 1993). Verchot et al.
(1999) reported low rates for potential nitrification in a Cerrado area but Poth
et al. (1995) detected chemoautotrophic nitrifier populations in Cerrado soils.
Nitrifying bacteria could be present but rates of net nitrification and nitrate
accumulation are modest. Plants and microorganisms could rapidly take up
small increases in NO�

3 production in soil. This is a further indication of N
limitation in ecosystems (Davidson et al. 1992).

Similar to the Cerrado, inorganic-N in semi-arid regions of Argentina
(Chaco) and the United States (Texas) accumulated in the soil during the dry
season, while net N mineralization rates decreased in the same period and
increased in the following rainy season (Oliva et al. 1993; Hibbard et al. 2003).
Higher microbial immobilization also occurred at the onset of the wet season.
In the selective logging sites studied by Oliva et al. (1993), higher N mineral-
ization rates and consequently higher N availability occur as a consequence of
the accumulation of dead plant material and increase of light and water
availability (Oliva et al. 1993). Increases in N mineralization rates after selec-
tive logging are due to increases in soil temperature (high radiation), input of
new leaves with lower C:N ratios and reduction in competition for available
nutrients between plants and microorganisms.
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The effects of different fire frequencies on carbon and nitrogen dynamics of a
savanna of the ‘Chaco Semiárido Occidental’ were compared for a single point
in time by Gonzalez et al. (2001). Soil was described as a Torriorthentic
Haplustoll. Fire frequencies were characterized as: high (one fire every year),
medium or normal (one fire every 3–4 years), and low (one fire every 10 years).
Organic carbon was lower under the high frequency than under the medium
and low frequency areas. Total soil organic carbon, total nitrogen, soil nitrate
and soil microbial biomass nitrogen were lower under high frequency fires,
although medium and low frequency fires did not differ. Particulate organic
carbon and nitrogen were also lower under the high frequency, and were more
sensitive than total carbon and nitrogen to the effects of fire history. There
were no differences in soil respiration among fire histories. On the other hand,
soil respiration and microorganisms were strongly affected in soil samples
taken immediately after fire and after periods of 30, 180, 360, and 720 days in a
native forest and a grassland in the Chaco region (Chancani Forest Reserve of
Cordoba Province) with burned and unburned patches. The conditions
observed were stable over the 2 years of study, nevertheless, there was a ten-
dency to recover the original values (Gonzalez et al. 1999). These results
showed that repeated burns reduce soil organic matter as well as soil biological
activity and may increase soil susceptibility to erosion processes. However,
areas under medium or normal fire frequency maintained organic nitrogen and
carbon pools and showed higher nitrogen availability.

Beyond the effects of selective logging and fires, the N cycling in the
Chaco is markedly influenced by vegetation composition. Soil respiration
and soil nitrogen dynamics were measured for 1 year underneath five veg-
etation types in the Chaco region: a leguminous tree (Prosopis flexuosa), a
non-leguminous tree (Aspidosperma quebracho-blanco), a non-leguminous
shrub (Larrea spp.), open interspaces, and a pure grassland (Mazzarino
et al. 1991a, b). As stated earlier, during the dry season, microbial biomass
N and net N mineralization were low, while accretion of easily mineralizable
C occurred, but this was reversed with the onset of rain. The highest values
of total N, N mineralization, inorganic N, microbial biomass N, density of
nitrifiers, N content in litter, total organic C and easily mineralizable C were
found under Prosopis and the lowest values under shrubs and the inter-
spaces. The main differences between tree species were in N mineralization
at the beginning of the wet season, in total and inorganic N pools, and in
nitrifier densities; all of which were significantly lower under Aspidosperma
than under Prosopis. N mineralization in the pure grassland was very low
despite high values of total N and C sources.

Emissions of NO and N2O

Nitrification and denitrification are key processes in the production of nitrogen
oxides, NO and N2O (Firestone and Davidson 1989), and low emissions are
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generally correlated with the dominance of NHþ
4 over NO�

3 (Davidson et al.
2000).

In a recent review, Davidson et al. (2001) concluded that soil emissions of
NO from tropical savannas such as the Brazilian cerrado remain a large and
important uncertainty. Poth et al. (1995) suggested that Cerrado, burned or
unburned, is an important source of NO to the troposphere. However, the high
NO production observed by these authors was reported after an artificial water
addition in a short-term experiment. Pinto et al. (2002) measured monthly soil
fluxes of NO and N2O in cerrado areas of central Brazil during a year. The
study focused on two vegetation types, cerrado stricto sensu (20–50% canopy
cover) and campo sujo (open, grass-dominated), which were either burned every
2 years or protected from fire. N2O fluxes were very low and below the
detection limit in all of the vegetation-fire treatments. Soil moisture and veg-
etation type were more important in controlling NO fluxes than fire regime
(early-dry season, middle-dry season or late-dry season burning). NO emis-
sions increased after burning, but flux returned quickly to pre-fire levels and
even lower. In comparison, NO emissions increased 100-fold (to 10.5 ng NO-
N cm)2 h)1) during a water addition experiment in unburned campo sujo.
After the first rains NO fluxes increased to 1.0 ng NO-N cm)2 h)1 in
unburned cerrado and to 1.9 ng NO-N cm)2 h)1 in burned cerrado. These
results demonstrate that wetting of dry soil in the Cerrado causes an increase in
NO emissions of a factor of 10 or more, but that the pulse is short lived and
does not persist during the rainy season. The annual emissions of N via NO
fluxes were similar in the burned campo sujo (0.5 kg N ha)1 yr)1) and in the
unburned and burned cerrado areas (0.4 kg N ha)1 yr)1) while the unburned
campo sujo fluxes were the lowest (0.1 kg N ha)1 yr)1). A positive relationship
between NO emission and soil nitrogen status had been shown for South
America savanna soils (Johansson and Sanhueza 1988; Sanhueza et al. 1990;
Rondón et al. 1993; Cárdenas et al. 1993) and for savannas of South Africa
(Parsons et al. 1996; Levine et al. 1996). However positive correlations between
NO emissions and mineralization and nitrification were not found for the
Cerrado, although both NO emissions and nitrification rates were low (Pinto
et al. 2002).

Similar to Cerrado systems, mesquite savannas of Texas, USA have very low
N2O emissions, but NO fluxes can be relatively high (Table 5), with values
ranging from 0.3 kg N ha)1 yr)1 on dystrophic clayey soils to
2.4 kg N ha)1 yr)1 on loamy soils (Martin et al. 2003). Many of these sa-
vanna-grassland systems in Texas have undergone woody encroachment in the
past century or more (Archer 1994), and this has caused substantial increases in
NO emissions at both the local and regional scales. Locally, NO fluxes increase
by about 200% following increases in woody mesquite cover (Martin et al.
2003). Martin and Asner (2004) used field and remote sensing data to show
that the contemporary N cycle of North Texas savannas has a regional NO
flux of about 1.6 kg NO-N ha)1 yr)1, a value that has probably increased
more than threefold in the past 100 years with woody encroachment.
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Interactions between N and other elements controlling the N cycle

The N/P ratio in leaves can be used as an indicator of nutrient limitation where
N/P <16 indicates N limitation, values 14<NP<16 co-limitation by N and P
and N/P >16 P limitation (Aerts and Chapin 2000). The mean N/P in leaves of
10 Cerrado woody species (evergreen and deciduous) was 18 indicating a
strong P limitation, and although the N resorption rates were similar to the
values (30%) presented by Aerts and Chapin (2000), the P resorption rates
were much higher (>50%) Nardoto et al. (2006). The P supply for these
woody species seems to be more dependent on biochemical recycling (resorp-
tion), whereas N supply is more dependent on N uptake (biogeochemical cy-
cling). Although N and P uptake by plants is low due to the low availability, P
limitation is stronger. For example, in a Cerrado area, the flux of N that
reaches the soil (bulk precipitation, throughfall and litter leachate) was
9.3 kg ha)1 yr)1, whereas for P it was only 0.03 kg ha)1 yr)1 (Resende 2001).

BNF can, in the long-term, adjust the supply of N close to the availability
of other resources, such as P (Schimel et al. 1997). The importance of P
availability controlling the N fixation rates is discussed in several studies. In
the bacteria, P seems to activate the genes for the nitrogenase synthesis
(Stock et al. 1990), and in many cases, the N fixation rates seem to be
controlled by soil P availability. As P availability is generally low in the
highly weathered soils of the Cerrado (Goedert 1983; Le Mare et al. 1987),
this deficiency might be one of the factors limiting the rate of nitrogen fix-
ation in tropical legumes. Data on soybeans indicated that the symbiotic N2

fixation process has a higher requirement for P than host plant growth (Israel
1987). It is also suggested that symbiotic N2 fixation has a higher P
requirement than the nitrate-assimilation process. These results are consistent
with the interpretation that plants solely dependent upon BNF have a higher
internal P requirement for optimal growth than plants supplied with nitrate.
It can be concluded that P has specific roles in nodule initiation, growth and
functioning in addition to its role in host plant growth. Indeed, the whole
plant N concentration was significantly greater for plants solely dependent
upon BNF than for nitrate-supplied plants when high P concentrations were
present in the nutrient solution.

Phosphorus shows low mobility in soil, and the diffusion rate strongly limits
its availability to the roots. Mycorrhizal associations can act as important
mediators for the transfer of nutrients, and 12 species sampled in a Venezuelan
savanna on nutrient-poor soil and dominated by Gramineae and Cyperaceae
had arbuscular mycorrhizae (Cuenca and Lovera 1992). Andrade et al. (1996)
found in the Venezuelan Gran Sabana colonization by arbuscular mycorrhizae
in 18 native species distributed in 7 families. Even in Cyperaceae, generally
considered non-mycotrophic, mycorrhizal colonization was observed, dem-
onstrating the importance of these associations in dystrophic soils. Surveys in
Cerrado soils indicated that infections of arbuscular mycorrhizae also occur in
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a large number of native plants (Thomazini 1974; Bononi and Trufem 1983;
Siqueira et al. 1989; Miranda and Miranda 1996).

Disturbances/land use changes

Conversion to pastures

The major land-use changes in the Cerrado are conversion to pasture and
soybean croplands, but the ecological consequences of these land uses are still
poorly understood in Cerrado ecosystems. The introduction of African grasses
of the genus Brachiaria in the 1970’s led to widespread land conversion (Kichel
et al. 1996). The region hosts approximately 44% of the national herd, with
approximately 50 million hectares of the Brazilian Cerrado planted with
African grasses (mainly Brachiaria and Andropogon spp). Most of the pastures,
however, are in an advanced stage of degradation. Generally pure Brachiaria
or Andropogon pastures in the Cerrado suffer a decline in productivity after
4–10 years of grazing (Macedo 1995). The nutrient-poor organic matter pro-
duced (6–10 Mg C ha)1 yr)1 in well-managed pastures; Cadisch et al. 1994a,
b) may decrease the sustainability of these pastures, because the scarce nutri-
ents are immobilized and not available for plant growth. The existence of a
dense and permanent rooting system within the pasture limits nutrient losses by
leaching. The main loss pathways are urine and dung patches in which nutrient
concentrations can be very high over a limited area (Boddey et al. 1996).

Studies indicated that BNF could introduce 30–45 kg N ha)1 yr)1 in
Brachiaria pastures (Boddey and Victoria 1986; Loureiro and Boddey 1988).
This N comes mainly from non-symbiotic associations with endophytic bac-
teria or bacteria in the rhizophere. Several bacteria such as Azospirillum,
Herbaspirillum and Gluconacetobacter can be associated with grasses.

Modifications of soil organic matter and nutrient cycling after land con-
version can change the magnitude and direction of NO and N2O fluxes. The
few existing data indicate that the annual emissions of nitrogen oxides are low.
Saminêz (1999) measuring soil N2O fluxes estimated the annual emission in a
native cerrado area of 0.52 and of 0.51 kg N ha)1 yr)1 in a 5-year old pasture
(Andropogon gayannus). In a 10-year old pasture (Paspalum sp.), Nobre (1994)
measured fluxes of 0.2 ng N-N2O cm)2 h)1. These authors did not measure
NO fluxes, but Varella et al. (2004) compared fluxes of NO and N2O, soil
microbial biomass, and N-mineralization rates in a 20-year old Brachiaria
pasture of low productivity and in a native cerrado area. Net N-mineralization
in the pasture was low, and net N-immobilization was observed in the dry
season. Artificial water addition in pastures during the dry season resulted in
short-lived pulses of NO (1.3 ng N-NO cm)2 h)1). N2O fluxes were below the
detection limit at both sites. Recently, Pinto et al. (2006) compared the fluxes
of N oxides in degraded pastures subjected to recovery treatments (fertilization
and consortium with the legume Stylosanthes guianensis) and a young pasture

227



(2 years old – formerly a dense cerrado). Considering the measurements
between January and April (rainy season), the young pasture emitted
0.03 kg N-NO ha)1 versus 0.01 kg N-NO ha)1 for the other treatments. In the
same period, a cerrado emitted 0.11 kg N-NO ha)1, while a campo sujo
showed similar values to the old pastures. Higher fluxes of N2O (9.5 ng
N cm)2 h)1) were only measured in the young pasture during the transition
from dry to wet seasons.

Conversion to croplands

Soy plantations in Brazil began to expand more vigorously in the second half
of the seventies, propelled by expansion in international demand. Expansion
affected mainly the states located in the southern region of the country. In
1980, soy had not significantly penetrated the savannas, only about 15% of the
soy planted areas in Brazil were outside the southern states boundaries. Ten
years later, however, soy plantations formed a continuous zone in central
Brazil, largely associated with the expansion of soy in the savannas. The im-
pacts on the regional and global environment of this massive change in land
use in only two decades have not been fully assessed.

The expansion of soy was strongly influenced by the existing natural con-
ditions in the savannas, by investments in transport infrastructure and, espe-
cially by the development of soybean varieties adapted to the region and highly
efficient in N fixation. Today soy is cultivated in the Cerrado (ca. 7 million
hectares are used for grain production) without the addition of N fertilizers. It
is estimated that 70–85% of the nitrogen in the soy plants comes from BNF
(Boddey et al. 1984, 1990). At least 80 kg N (grain+vegetative parts) are
necessary for the production of one ton of grain with 6.5% of N. Considering
an average production of 2571 kg ha)1, approximately 200 kg N ha)1 are
needed, and consequently BNF must contribute �170 kg N ha)1, which is
equivalent to 378 kg of urea ha)1 (Reis et al. 2003)!

Information on the effects of this input of N in the savanna ecosystems is still
very limited. The data now available indicate that the conversion of natural
systems to agricultural uses may significantly increase the N2O emissions.
Nobre (1994) has shown that the N2O emissions have increased during the first
100 days of soy implementation, reaching 0.5 ng N cm)2 h)1 presumably as a
result of the increased N fixation by the cultures. In another study on culti-
vation of soy in rotation with corn, the emissions during the rainy season
varied from 0.8 to 2.5 ng N cm)2 hr)1 (Saminêz 1999). The relatively dry
weather of the Cerrado does not favor high emissions of N2O, but the
increasing use of irrigation can significantly enhance the N2O emissions.

Another important aspect of soy cultivation in the Cerrado is the link be-
tween organic matter management and N cycling. Currently, no-tillage systems
are used in about 70% of the soybean cultivated area versus 30% that still use
conventional tillage systems. Studies of N cycling impacts associated to soy
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cultivation should include a survey of the different forms of agricultural
management, particularly under no-tillage systems, and their regional distri-
bution and representation.

Over-grazing and fire suppression

In North and South America, Africa, Australia and elsewhere, woody vege-
tation cover has increased significantly in grazed savannas during the past few
decades. Cited causes of woody encroachment include over-grazing of herba-
ceous cover that reduces competition for woody seedlings, fire suppression that
enhances woody plant survival, atmospheric CO2 enrichment that favors C3
(woody) plant growth, and nitrogen pollution which also favors woody
encroachment (Archer et al. 1995). It is noted in most encroachment studies
that the woody plants were present somewhere on the landscape prior to the
installment of managed grazing. For example, in a South Texas rangeland
containing a diverse array of trees, shrubs and sub-shrubs, heavy grazing
caused increases in the cover of the nitrogen-fixing tree Prosopis glandulosa
(mesquite). The same species of mesquite has increased dramatically in cover in
a North Texas rangeland during the past century (Asner et al. 2003), but there
are very few other woody species established in this region. Most other species
are confined to riparian zones, thus few if any woody plants can be found in
association with the mesquite cover. Precipitation conditions are similar
between the North (650 mm) and South (680 mm) Texas sites, but tempera-
tures are substantially lower in the North, with temperatures below freezing in
many months (Asner et al. 2003). Low temperatures in the North likely pre-
clude the presence of many warm-climate woody plants found in the South
(Acacia, Diospyros spp.), and thus the biological and ecological dynamics of
woody encroachment are very different between the sites.

Although woody encroachment reduces the quality of land for animal pro-
duction, in some cases, it enriches total ecosystem C and N stocks (Asner et al.
2004). With the shift to woody vegetation comes a large increase in aboveground
NPP and C storage. Increases in aboveground NPP of up to 1400 kg C ha)1

have been observed when the dominant woody species is a nitrogen fixer
(Geesing et al. 2000). Increases in the abovegroundC pool can range from 300 to
44,000 kg C ha)1 in less than 100 years of woody encroachment (Asner et al.
2003). When the dominant woody species is a N-fixer, nitrogen accumulation
can be 9–40 kg N ha)1 yr)1 greater in the woody areas than the grasslands
(Geesing et al. 2000), with aboveground nitrogen increasing 39–468 kg N ha)1

following woody encroachment (Hughes et al. in review).

Conclusions

American tropical and temperate savannas are limited by nitrogen availability.
However, land use changes are affecting the savanna N cycles differently in

229



these regions. Grazing and conversion to pasture has been the predominant
land use change in most savannas including the Cerrados, although an inten-
sification of mechanized agriculture and irrigation has been observed in the last
decade. In the case of the Cerrado and the Llanos, the intensification of fire for
pasture management is causing the reduction of woody plant density. Oppo-
sitely, in the Chaco and North American savannas, exclusion of fire and
grazing are leading to an increase in woody density. In addition, the higher soil
P availability in the Gran Chaco and the higher N deposition in North
American savannas are resulting in an increase of N cycling and net produc-
tivity rates. Besides the impacts of land use changes, some aspects of the N
budget for savannas of the American continent are still unclear and require
increased analysis of the N fixation rates (both free-living and symbiotic fixers),
the spatial and temporal soil heterogeneity controlling N fluxes through soil
solution, and the role of riparian zones on N fluxes through streams. Changes
in vegetation structure may also have impacts on climate. Hoffmann and
Jackson (2000) proposed that the conversion of tropical savannas to grasslands
would decrease precipitation but also change the seasonal patterns of rainfall.
Biogeochemical cycles in savannas are regulated by seasonal distribution of
precipitation and pulses of nutrients resulting from wetting of dry soil which
are relevant to maintain the dynamics between microorganism and vegetation.
The alteration of seasonal patterns would decouple ‘‘supply and demand’’
processes resulting in higher N losses.
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M.A.T. and Hungria M. (eds), Biologia dos solos dos Cerrados, EMBRAPA-CPAC, Brası́lia,

pp. 155–186.

Levine J.S., Winstead E.L., Parsons D.A.B., Scholes M.C., Scholes R.J., Cofer W.R. III, Cahoon

D.R. and Sebacher D.I. 1996. Biogenic soil emissions of nitric oxide (NO) and nitrous oxide

(N2O) from savannas in South Africa: the impact of wetting and burning. J. Geophys. Res. 101:

23689–23697.

Loureiro M.F. and Boddey R.M. 1988. Balanço de nitrogênio em quarto gramı́neas do gênero
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Abstract. In tropical lakes relatively little is known about the general relationship between nutrient

concentration and phytoplankton biomass. Using data from 192 lakes from tropical and sub-

tropical regions we examine the relationship between total P (TP) and chlorophyll (Chl). The lakes

are all located between 30� S to 31� N include systems in Asia, Africa, and North and South

America but are dominated by Brazilian (n=79) and subtropical N. American (n=67) systems. The

systems vary in morphometry (mean depth and lake area), trophic state as well total N (TN)

to total P (TP) ratios and light extinction. Despite a nearly 500-fold range in TP concentrations

(2–970 lg P l)1), there was a poorer relationship between log TP and log Chl (r2=0.42) than is

generally observed for temperate systems from either narrow or broad geographic regions. N

limitation is not a likely explanation for the relatively weak TP–Chl relationship in the tropical–

subtropical systems. Systems had high average TN:TP ratios and neither a multiple regression with

log TP and log TN nor separating systems with high TN:TP (>17 by weight) improved the

predictive power of the log TP–log Chl relationship.

Introduction

The relationship between nutrients and phytoplankton biomass in aquatic
systems has yielded insights on nutrient limitation and is a valuable manage-
ment tool (Peters 1986). For freshwater lakes the great majority of studies on
the relationship between nutrients and phytoplankton biomass are for tem-
perate systems (Peters 1986; Kalff 2002). These studies have advanced from
early studies (Sakamoto 1966; Vollenweider 1968), which focused on simple,
linear relationships between log total P (log TP) and log chlorophyll (log Chl),
to include the secondary impacts of N, lake depth, color, inorganic turbidity
and food web relationships (Smith 1982; Quirós 1990; Mazumder 1994;
Nürnberg 1996). However, compared to even what was known nearly half a
century ago for temperate systems, little is known about the general relation-
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ship between nutrients and chlorophyll in tropical systems or the primary
limiting nutrient in these systems (Canfield and Hodgson 1983; Lewis 1990;
Salas and Martino 1991; Fisher et al. 1995; Sarnelle et al. 1998; Kalff 2002).

One prevailing view is that nitrogen limitation may be more common in
tropical than in temperate systems (Talling and Lemoalle 1998; Lewis 2000)
possibly due to greater P supply by chemical weathering of rocks and greater
internal N loss at higher temperatures (Lewis 2000, 2002). This possible N
limitation suggests that tropical systems may have a poorer relationship be-
tween TP and Chl than temperate systems but Chl may be more closely related
to total N (TN) concentrations. To date, however, there are relatively few
studies examining the relationship between Chl and nutrients in either tropical
(Walker and Tyler 1983 apud Ferris and Tyler 1985; Salas and Martino 1991;
Lewis 1990; Sarnelle et al. 1998; Jones et al. 2000) or subtropical regions (e.g.,
Canfield 1983; Brown et al. 2000). Further, many of the existing studies are
based on relatively narrow geographic regions (e.g., Florida, Thailand), or
relatively small data sets. Thus, it is not yet clear if there is a general difference
in nutrient limitation or nutrient–chlorophyll relationships between temperate
and tropical areas (Fisher et al. 1995; Kalff 2002). The question of nutrient
limitation and the relationship between nutrient concentration and Chl is
increasingly important as human activity in tropical systems is accelerating
rapidly and tropical systems are increasingly confronted with water quality
problems associated with eutrophication (Meybeck et al. 1990; Downing et al.
1999).

In this study we examine nutrient status of lakes from tropical to subtropical
regions. We develop empirical models of the relationship between Chl and
nutrients and compare these relationships to those developed based largely on
temperate data sets.

Methods

Database. Our data set of tropical and subtropical inland waters are from both
N and S. Hemisphere between latitude 31� N and 30� S. This working defi-
nition is based on a minimum water temperature of 10 �C under normal
conditions with a minimum annual average of 15 �C as used by Salas and
Martino (1991). High altitude tropical lakes ([3000 m above the sea level) and
saline lakes were not included in the analysis.

The data set includes 192 aquatic systems (136 lakes, 56 reservoirs) sampled
on seasonal bases at least during 1 year and we use average annual values in
our analysis. Samples are from surface mixed waters. The data base is primarily
drawn from Florida, United States (n=67, Beaver and Crisman 1991) and
from 3 � N to 30� S in Brasil (n=79). Brazilian data were taken from the
following publications: (FEEMA 1982; Pontes 1980; Andrade et al. 1988;
Branco 1991; Salas and Martino 1991; Thomaz 1991; Huszar 1994; Rodrigues
1994; Silva 1995; Konrath 1995; Debertd 1997; Mitamura and Hino 1997;

240



Salomoni 1997; Oliveira 1998; Rodrigues 1998; Sant’Anna et al. 1998; Laud-
ares-Silva 1999; Loverde-Oliveira 1999; Barroso 2000; Bressan 2001; Melo
2001; Szawka 2001; Ferreira 2002; Marinho and Huszar 2002; Cardoso and
Motta Marques 2004) but also included unpublished data (D.C. Bicudo, per-
sonal communication and L.H.S. Silva, personal communication). The
remaining 46 lakes are from Africa (n=18, Sarnelle et al. 1998; Lewis 1990;
Kalff and Watson 1986), China (n=18, Jin 1994), Phillippines (n=1, Lewis
1990), and from Mexico (n=5), Puerto Rico (n=1), Texas, United States
(n=1) and Venezuela (n=2) (Salas and Martino 1991). All data are from tables
from the above references except for Sarnelle et al. (1998), which were taken by
measurement from Figure 3b. The complete data set is available on request.
For all 192 systems we obtained data for chlorophyll (Chl) and total phos-
phorus (TP). For many of them we were able to also obtain total N (TN),
Secchi depth (SD), lake area and mean depth (Table 1).

Analysis. Statistical analysis of data was done in StatView� (version 5.01).
Least square regressions were done on logarithmic (base 10) transformed data.
Differences between data sets were calculated by non-paired t-tests. To test if
the slopes were significantly different (p\0:05), a covariance analysis was used
(Zar 1996). With the exception of light extinction all analysis were performed
on raw data.

Total light extinction (K) was calculated from SD as: K=)1 · ln (SDlight)/
SD. SDlight is the fraction of surface light penetration at the SD and is gen-
erally reported as 0.1 (e.g., 10%, Wetzel and Likens 1991). Light extinction (K)
is the sum of extinction from phytoplankton themselves (Kp) as well as
extinction from colored organic matter and inorganic turbidity (residual K, Kr).
Kr=K ) Kp. Kp was calculated as: Kp=EP·Chl-a, where EP, is the biomass
specific extinction (in m2 mg Chl)1) of phytoplankton, which generally varies
between 0.01 and 0.02 for different phytoplankton (McBride et al. 1993) here
we use a value of 0.016.

For some analyses we grouped the systems by N status. We followed the
procedure of Smith (1998) in considering high N:P systems to have TN:TP
ratios (by weight) greater than 17.

Table 1. Summary statistics of available average limnological data from 192 tropical–subtropical

lakes.

Entire data set Median Mean SD Minimum Maximum n

Lake area (km2) 6.6 770.6 6079.7 0.1 66250.0 148

Mean depth (m) 4.1 12.7 60.9 0.7 700.0 132

Secchi depth (m) 0.9 1.4 1.4 0.1 6.6 132

Extinction coefficient (m)1) 2.5 3.2 2.6 0.4 16.5 132

Chlorophyll-a (lg l)1) 11.0 34.2 67.0 0.9 556.0 192

Total phosphorus (lg l)1) 59.0 131.9 181.4 2.0 970.0 192

Total nitrogen (lg l)1) 925.1 1506.4 2064.6 42.4 21000.0 156

TN:TP (by weight) 19.8 26.0 30.9 0.7 221.5 156
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Results

Lakes used in this study represent a wide range of limnological conditions. For
example mean annual TP and TN ranged nearly 3-orders of magnitude across
systems (Table 1). Phytoplankton biomass and light extinction (K) also varied
greatly between systems but was generally high (Table 1). On average, 19%
and 10%, respectively, of the light extinction is due to phytoplankton (Kp,) the
remainder being due to inorganic turbidity or dissolved color.

Combining all systems, there was a highly significant relationship between
log TP and log Chl (p\0:0001) but log TP explained only 42% of the variance
in log Chl (Figure 1). Further the slope of the log TP–Chl relationship was
significantly lower (p\0:0001) than that from temperate relationships (Fig-
ure 2). Thus predicted chlorophyll at a given TP level was, on average, slightly
but significantly (p\0:001) lower than that expected from published relation-
ships for temperate systems. In addition the prediction of Chl did not improve
separately considering systems with high TN:TP (\17; r2=0.37; Figure 1). The
relationship between log TN and log Chl was also significant and had signif-
icantly similar (p\0:0001) explanatory power (r2=0.39) to TP. The residuals of
the TP–Chl relationship were significantly related to TN concentration
(p=0.03) but TN explained only 3% of the variance in these residuals (Fig-
ure 3). Similarly, a multiple regression which included both TN and TP, im-
proved only modestly (r2=0.47) the prediction of Chl with TP alone (Table 2).
Lastly, a regression of predictions from a non-linear regression that considers
both TP and TN (McCauley et al. 1989) did not perform substantially better
than linear regressions with or without TN (r2=0.49).

Figure 1. Relationship between annual mean of log-total phosphorus (lg l)1) vs. log chlorophyll

(lg l)1) for surface waters of 192 tropical and subtropical lakes from Africa, Asia, and South and

North America. The data are coded as P-limited lakes (TN:TP[17, by weight) and N- or N and

P-limited lakes (TN:TP\17, by weight).
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The generally high light extinction (low SD, Table 1) and the high propor-
tion of light extinction by non-phytoplankton particulates or dissolved organic
matter suggest that light limitation could account for the high variability be-
tween TP and Chl and the generally low Chl yield at a given P concentration.
However, indicators of light limitation were either significantly positively re-
lated to the residual of the log TP–log Chl relationship or were not significantly
related to these residuals. There was no significant relationship between
residuals and Kr (p=0.69) and residuals were positively related to total K
(p\0:05) and negatively related to both log SD and log SD/average depth
(p\0:01).

Figure 2. Comparison of the log-total phosphorus (lg l)1) vs. log chlorophyll (lg l)1) relationship

among our tropical and subtropical lakes with selected temperate regressions (see Table 3).

Figure 3. Residuals of total phosphorus–chlorophyll relationship in tropical and subtropical lakes

vs. log total nitrogen (lg l)1).
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Discussion

This paper represents the largest compilation of nutrients and Chl data from a
broad range of tropical and subtropical systems and analysis of their relation-
ship. Although conclusions may be changed by future analyses that include
more data particularly from Asia, Oceania and Africa our analyses does suggest
several similarities and some differences to temperate studies to the relationship
between nutrients and Chl. First our data show that, tropical lakes, like tem-
perate ones, vary dramatically not only in morphometry, light extinction and
trophic status. Using Chl concentrations, as a criterion (Wetzel 2001), 15% of
systems were oligotrophic (\3 l g l)1 Chl-a), 35% were mesotrophic, 50% were
eutrophic ([11 l g l)1 Chl-a). Further, a full 25% have average annual chlo-
rophyll concentrations greater than 50 lg l)1 Chl-a, suggesting hypereutrophic
conditions. The, high chlorophyll concentrations are related to both high
nitrogen and phosphorus concentrations in tropical as for temperate systems.
Like temperate systems N:P ratios are generally greater than the 7:1 ratio (by
weight) required for balanced phytoplankton growth (Wetzel 2001) and phos-
phorus relates somewhat better to chlorophyll concentration than does nitro-
gen. There are, however, substantial differences in the quantitative relationship
between chlorophyll and nutrients in comparison to temperate regions and to
some studies from relatively narrow geographic regions in tropical areas (e.g.,
Sarnelle et al. 1998). Our analysis suggests both a more variable relationship
between log TP and log Chl and a somewhat lower chlorophyll yield per unit TP
than do regressions from the temperate zone (Table 3).

The differences we found between tropical and temperate TP–Chl relation-
ships could have several causes. It is possible that the lower Chl yield is related
to differences in sampling. Many studies in temperate systems are based on
only summer growing season sampling, when Chl is likely higher than the
annual average, while the tropical samples are based on year round sampling
(Lewis 1990). We do not believe, however, that this would explain the higher
between system variance between TP and Chl in the tropical systems. This
higher variation could occur, if TP had a low dynamic range as compared to
temperate studies. Our TP data, however, range by nearly 500-fold between
systems, a range as large as seen in the better-fitting temperate data sets.

Table 2. Nutrient–chlorophyll and chlorophyll–Secchi depth regressions for the 192 tropical–

subtropical lakes.

Regression models n r2 p

log Chl= )0.152+0.703 log TP 192 0.42 \0.0001

log Chl= )1.753+0.936 log TN 156 0.39 \0.0001

log Chl= )0.059+0.615 log TP (low TN:TP) 71 0.26 \0.0001

log Chl= )0.262+0.789 log TP (high TN:TP) 85 0.37 \0.0001

log Chl= )1.188+0.413 log TP+0.504 log TN 156 0.47 \0.0001
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Another possible cause for the relatively poor linear relationship between log
TP and log Chl is that systems are outside the range of linearity between TP
and Chl relationships (McCauley et al. 1989), however, 85% of the data have
TP between 10 and 300 lg l)1, a range where log TP relates nearly linearly to
log Chl (McCauley et al. 1989).

Widespread N limitation in tropical–subtropical systems could explain both
the lower Chl yield and higher variance in TP–Chl relationship. It has also been
suggested that while N limitation occurs in temperate freshwater systems
(Smith 1982) and P limitation occurs in tropical systems (Fisher et al. 1995;
Sarnelle et al. 1998; Kalff 2002) for tropical systems N limitation may be more
prevalent (Lewis 1996, 2002). Our studies do not suggest, however, widespread
N limitation. For our tropical–subtropical lakes, TN:TP ratios were generally
high and exclusion of those systems with relatively low TN:TP ratios (Figure 1)
did not improve the predictability of Chl from TP. Similarly, TN did not
explain well residuals of the TP–Chl relationship and a multiple regression with
TN and TP did not explain substantially better the variance in Chl to TP.
Further, inorganic nutrient concentrations, which may be a better indication of
this limitation that are TN:TP ratios, were also on average far above 16:1
(Redfield et al. 1963) in a subset of Brazilian lakes.

In agreement with our results based on nutrient ratios and nutrient–Chl
relationships, nutrient addition experiments in tropical systems as for tem-
perate systems (Elser et al. 1990) do not show uniform N limitation but rather
suggest that systems can vary between N limitation, P limitation and co-limi-
tation of N and P. Reviewing experimental nutrient enrichment studies in 10
Brazilian lakes and reservoirs, Arcifa et al. (1995) did not find clear cut N
limitation, rather limitation varied both between systems and seasonally within
single systems. Similarly, nutrient limitation in other tropical areas as inferred
from nutrient additions, physiological indicators, or dissolved N:P ratios do
not show uniform N or P limitation but rather show seasonal and between
system variance (Fisher et al. 1995). Thus, the total weight of evidence does not
support the view that N limitation is necessarily the norm in tropical to sub-
tropical systems or even that it is more prevalent than in temperate systems
(Elser et al. 1990). Other factors may explain the somewhat lower Chl yield per
unit TP and more variable Chl–TP relationsip that we observed.

In temperate systems, in addition to TN or TN:TP ratios, it has been sug-
gested that variable light limitation could explain variance in the TP to Chl
relationships (Canfield and Bachman 1981). While the tropical–subtropical
database, as a whole, had high light extinction (K) that was dominated by color
or turbidity (Kr), neither K nor Kr were negatively related to the residuals of the
Chl–TP relationship. It is possible that a better indicator of light availability
(e.g., the amount of light in the mixed layer) would relate well to residuals of
the TP to Chl relationship, however, we did not have information on thermal
stratification for most of the 192 systems in the data set.

There is also evidence that in temperate systems grazing, especially by large
zooplankton, can regulate the empirical relationships between nutrients and
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phytoplankton biomass (Pace 1984; Quirós 1990; Mazumder 1994). However,
tropical and subtropical lakes are frequently dominated by small cladocerans,
rotifers, and by juveniles and small copepodites (Lewis 1996; Branco et al.
2002; Jeppesen et al. 2005). While the classic control of phytoplankton by large
zooplankton may not hold in tropical systems, more complex food web
interactions could be responsible for the tropical–subtropical vs. temperate
differences in the predictive power of the log TP vs. log Chl relationship
(Lazzaro 1997).

In summary, our analysis showed some differences to expectations based on
N limitation in tropical systems and to similar empirical studies from both
broad temperate regions and narrow tropical areas. A number of possible
mechanisms could explain these differences and different mechanisms could be
operating across different regions of the tropics and subtropics. Further
empirical as well as experimental studies on a diverse set of tropical systems are
needed to elucidate these differences.
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Dissertation, Univ Brası́lia, Brası́lia, DF.

Branco C.W.C., Rocha M.I., Pinto G.F.S., Gômara G. and Filippo R.D. 2002. Limnological
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Pinguela (Osório, RS): uma abordagem baseada no fitoplâncton. M.Sc. Dissertation, Univ. Fed.

Rio Grande do Sul, Porto Alegre, RS.

Sant’Anna C.L., Sormus L., Tucci A. and Azevedo M.T. 1998. Variação sazonal do fitoplâncton

do lago das Graças, São Paulo, SP. Hoehnea 24: 67–86.

Sarnelle O., Cooper S.D., Weisman S. and Mavuti K. 1998. The relationship between nutrients and

trophic-level biomass in turbid tropical ponds. Freshwater Biol. 40: 65–75.

Silva L.H.S. 1995. Variabilidade temporal na estrutura da comunidade fitoplanctônica de um
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Abstract. Here we present the within-site, seasonal, and interannual variations of the carbon (d13C)
and nitrogen (d15N) isotope ratios of leaves, wood, bark and litter from four sites in the Amazon

region, Brazil. Samples were collected in Manaus (3� 06¢07¢¢ S; 60�01¢30¢¢ W), Ji-Paraná

(10�53¢07¢¢ S; 61�57¢06¢¢ W), and Santarém (2�26¢35¢¢ S; 54�42¢30¢¢ W) with mean annual precipi-

tation of 2207, 2040 and 1909 mm respectively. The overall average for all leaf samples

was�32:3
 2:5& for d13C andþ5:8
 1:6& for d15N (n=756). The leaf d values at these sites were

often but not always statistically distinct from each other. The d13C values varied from�37:8&
to�25:9&. Pronounced differences in d13C values occurred with height associated with differences

in forest structure. The d13C of leaf dry matter showed seasonal variations associated with the

length of the dry season, despite the fact that total annual precipitation was similar among the

studied sites. Leaf d15N values ranged fromþ0:9& to a maximum value ofþ10:9&, and the San-

tarém sites showed more enriched values than Manaus and Ji-Paraná sites. No seasonal variation

was detected in the d15N of leaves, but significant differences were observed among sites and with

changes in canopy height. The isotope ratio data are consistent with our current understanding of

the roles of light, water availability, and recycling of soil-respired CO2 influences on d13C and

consistent with our understanding that an open nitrogen cycle can lead to high d15N values despite

a significant number of legumes in the vegetation.

Introduction

Stable isotope analyses are among the approaches used to characterize com-
ponents of the carbon and nitrogen cycles in the Amazon Basin (Buchmann
et al. 1997; Martinelli et al. 1999; Ehleringer et al. 2002; Ometto et al. 2002).
Given that tropical forests play a central role in the global carbon cycle,
understanding the factors that influence net carbon gain or loss in these regions
can help improve our understanding of the constraints on the global carbon
cycle (Schimel 1995; Field et al. 1998; Gash et al. 2004). Recent rainforest
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studies within the Amazon Basin have suggested that some regions might act as
a substantial carbon sink (Grace et al. 1995a, b, 1996; Malhi et al. 1999;
Araújo et al. 2002), whereas other sites might have been either neutral or even
a small source of carbon to the atmosphere during the past two to three years
(Saleska et al. 2003; Miller et al. 2004). Part of the difference of these estimates
may be attributable to the complexity and diversity of tropical forests (Cuevas
and Medina 1988; Martinelli et al. 1999; Luizão et al. 2004; Vieira et al. 2004).
Additionally, the Amazon region does not have a homogeneous climate with
similar precipitation and temperature (Obregon and Nobre 1990; Marengo
1992; Marengo et al. 1993; Fisch et al. 1998) or forests of equivalent age and
structure (Vieira et al. 2004). Thus, structural and climatic features may con-
tribute to the different carbon sink conclusions of different studies.

Carbon isotope ratio (d13C) analyses of plant materials can provide carbon-
cycle insights by providing as quantitative assessement of the stomatal limi-
tations to photosynthetic activity (Farquhar et al. 1989; Ehleringer et al. 1993).
The d13C value of a leaf is in part determined by its photosynthetic pathway
and in part by the gas exchange constraints associated with environmental
conditions, nutrient availability, and to some extent life history. Farquhar
et al. (1982) first showed the d13C values in C3 photosynthetic pathway plants
is basically controlled by the ratio between the CO2 concentration inside the
leaf intercellular space (ci) and in the adjacent atmosphere (ca). As ci is affected
by the photosynthetic demand for CO2 relative to the stomatal control over
CO2 supply, environmental factors affecting carbon gain, such as water supply,
light availability, nitrogen content, just to mention some, are recorded in the
d13C values of plant tissues (Farquhar et al. 1989).

Variations in the d13C of leaves in tropical forests are strongly correlated
with position in the canopy profile, with lighter foliar d13C (more negative)
values observed in the understory vegetation as compared to the upper canopy
(Medina and Minchin 1980; Ehleringer et al. 1986). This clear effect of vari-
ation in ci/ca ratio between the lower- and the upper-canopy leaves has been
reported in rainforests in Brazil (Merwe and Medina 1989; Sternberg et al.
1989; Medina et al. 1991; Kapos et al. 1993; Kruijt et al. 1996; Martinelli et al.
1998; Ometto et al. 2002), China (Ehleringer et al. 1986), French Guiana
(Buchmann et al. 1997), Panamá (Sternberg et al. 1989), Trinidad (Broad-
meadow et al. 1992), and Costa Rica (Leffler and Enquist 2002). The drivers
for variations in d13C values among sites are not as clear but it is hypothesized
to be related to the forest stand structure affecting for instance, light avail-
ability and vapor pressure deficit (VPD) within the canopy profile.

Nitrogen isotope ratios (d15N) provide information related to nitrogen
cycling within ecosystems (Högberg 1990; Evans and Ehleringer 1993; Högberg
and Johannisson 1993; Högberg 1997; Austin and Vitousek 1998; Roggy et al.
1999a; Martinelli et al. 1999; Amundson et al. 2003). Martinelli et al. (1999)
showed evidence that foliar and soil d15N patterns in tropical forests were on
average higher than values in leaves from temperate forests. One possible
explanation is that gaseous nitrogen losses associated with microbial activities
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in tropical forests leave behind a substrate enriched in 15N (Austin and Vito-
usek 1998). Enriched soil d15N was also observed in agricultural fields (Meints
et al. 1975), temperate forests under high N fertilization (Högberg 1990;
Högberg and Johannisson 1993), and in tropical regions of Hawaii, where the
drier sites, with high N losses were 15N-enriched in comparison with wetter
sites (Austin and Vitousek 1998).

On the other hand, the abundance of legumes trees and their capability of
fixing N from the atmosphere are other important characteristics of tropical
forests (Moreira et al. 1992; McKey, 1994). The d15N value of leguminous trees
is often near 0& because of symbiotic nitrogen fixation (Evans 2001; Robinson
2001). Several studies have shown that species with symbiotic N fixation occur
in sites with reduced N availability (McKey 1994), often associated with dis-
turbance (Sylvester-Bradley et al. 1980). However, Roggy et al. (1999a) found
that legumes trees (comprising 7.5% of all trees) were fixing N in a primary
rainforest of French Guiana without any apparent disturbance and that this
amounted to approximately 7 kg N ha)1 year)1 (Roggy et al. 1999b). These
activities would be expected to drive d15N values toward 0& in tropical eco-
systems. Yet Martinelli et al. (1999) suggested that d15N of tropical species
should be above 0& because the nitrogen cycle was open in tropical forests,
with microbial activities resulting in the loss of isotopically light nitrogen gases
which left isotopically heavy nitrogen available to internal cycling with tropical
ecosystems.

Our objective in this paper was to investigate the variability of the carbon
and nitrogen isotope ratios as a proxy for interpreting aspects of the carbon
and nitrogen cycles in Amazonian rainforests. The samples were conducted to
analyze the temporal variations of the isotope ratios and their relationships to
the input precipitation in three locations of the Brazilian Amazônia.

Material and methods

The original and summarized datasets presented in this study were collected as
part of the Large-Scale Biosphere Atmosphere Project (LBA), an international
effort to better understand ecosystem processes at regional scales in the
Amazon Basin. All data are available at http://www.lba.cptec.inpe.br/beija-
flor/.

Study area

The study sites were official sites of LBA program and located near the cities
of Manaus (AM), Ji-Paraná (RO), and Santarém (PA) in Brazil. The mean
annual precipitation for these sites are 2285, 2040, 1909 mm year)1 respec-
tively. The forests consisted of dense evergreen terra-firme tropical vegetation
in Manaus and Santarém, and open evergreen terra-firme forest in Ji-Paraná
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(Higuchi et al. 1998; Alder and Silva 2000). The Manaus forest site was located
70 km north of the city (2.59� S; 60.11� W), in a reserve controlled by the
Instituto Nacional de Pesquisas da Amazônia. The designation for this site is
ZF2, referring to the road allowing access to the sites C14 and K34 where eddy
covariance towers are installed (Araújo et al. 2002). The ‘‘Rebio’’ primary
forest site is located 80 km north of Ji-Paraná in a Federal Biological Reserve
known as Reserva Biológica do Jaru (10.08� S; 61.92� W), and is controlled by
the Brazilian Environment Protection Agency (IBAMA). In Santarém there
were two sites located at the Floresta National do Tapajós (Flona Tapajós)
67 km south of the city, which was established as a federal reserve in 1974. One
site, ‘‘Flona-1’’, at 2.86� S; 54.96� W, and the second site, ‘‘Flona-2’’, located
approximately 3 km from the Flona-1 site. ‘‘Flona 2’’ was the control plot of
a rain exclusion experiment (Seca Floresta) conducted by the Instituto de
Pesquisas Amazônicas (IPAM) and the Woods Hole Research Institute
(Davidson et al. 2004).

The three locations contrasted in the length of the dry season, which is
defined as the number of months with total precipitation less than 100 mm.
Manaus had a 3-month dry season from July to September. At Ji-Paraná
the dry season, extended for 4 months from May to August, and Santarém had
the longest dry season (5 months) extending from July through November.

The soils at the Manaus and Santarém sites were deeply weathered oxisols
(Hapludox) with high clay content (60–80%), low pH (4.0–4.3) and low
nutrient content (Telles et al. 2003). The soil in Ji-Paraná site have been clas-
sified by Hodnett et al. (1996) as an orthic acrisol, with 85%, or more, of sand
at the surface layer.

Sampling

Field samples were collected from May 1999 to June 2004. The sampling at the
ZF-2 sites (C14 and K34) were from May 1999 to November 2002; at Flona-1
from June 2000 to June 2004, at Flona-2 from May 1999 to June 2000, Feb-
ruary and September 2001, and March 2002; at Rebio in February and Sep-
tember 2000, and February 2001. Leaf samples were collected from plants
along a height profile through the canopy, using a scaffold tower in all sites as
well from catwalks in the Flona-2. Each sample from a single individual
consisted of mature, healthy leaves combined to form a simple sample. A total
of 756 tree leaves samples were collected. At ZF2 site, from a total of 176 leaf
samples 83 were collected from trees with botanical identification. In Santarém
area, 284 and 165 tree leaf samples were collected in the Flona-1 and in the
Flona-2, respectively. From these totals, 207 and 125 samples were collected
from trees classified to species level, respectively. Finally, at the Rebio site 48
tree leaf samples were collected without botanical classification. Litter, bark
and wood samples were randomly collected from some study sites. At total 129
samples of litter were collected, mostly from Flona-1 (80 samples) and at ZF2
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(42 samples) sites. Only 8 litter samples were collected at Rebio. Twenty-three
samples of living wood and thirteen of bark were collected, at ZF2 (14, 7) and
at Flona-1 (10, 6), for wood and bark respectively. Additionally, 11 samples of
decaying wood were collected at Flona-1 and 16 were collected at Flona-2.

Analyzes

Soil, litter and plant material were dried at 65� C until a constant weight was
obtained and then ground to a fine powder. A 1–2 mg sub sample was placed
in a tin capsule. Samples were combusted in an elemental analyzer (Carlo Erba)
coupled with an isotope ratio mass spectrometer (IRMS Delta Plus, Finnigan
Mat, San Jose, CA, USA) operating in a continuous flow mode. From these
analyses, we obtained both isotope ratio (d13 C; d15 N) and elemental content
(%C; %N) for carbon and nitrogen.

Data are expressed in ‘‘delta’’ notation (d13 C and d15 N) as:

d ¼ ðRsample=Rstandard � 1Þ � 1000 ð1Þ

where, Rsample and Rstandard are the ratio 13C:12C or the ratio 15N:14N of the
sample and standard, respectively. and the standards for carbon and nitrogen
are PDB and AIR, respectively.

Statistical analysis

An unequal ‘‘n’’ HSD post hoc test and a Tukey HSD test were used to
determine significant differences between the group means of the performed
analysis of variance of the sites. The ‘‘Statistica 5.0’’ package was used for the
analysis.

Results

Overall tendencies

With 756 separate leaf observations, the overall average d13C and d15N leaf
values were�32:2
 2:5& and þ5:8
 1:6&, respectively (Table 1). We will
come back to these values in the discussion, comparing the range presented in
this study with ranges of leaf values in different terrestrial tropic ecosystems.
There were no significant relationships between d13C and d15N leaf values
(Figure 1). The d13C values of leaf materials were depleted in 13C relative
to litter, bark, wood, and decaying wood and with statistically significant
differences among some of these components (see Table 1). By comparison, the
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leaf d15N values were statistically similar to those observed for both litter and
decaying wood. Yet leaf d15N values were statistically heavier than observed in
either undecayed wood or bark, implying that when plant materials were intact
on standing trees there were pronounced spatial d15N different among com-
ponents that disappeared once plant materials hit the ground and began to
decay (Table 1).

Undecayed wood, in its d13C values, was statistically heavier than decaying
wood, bark, or litter. Consistent with the expectation that would had not been
impacted by soil microbes and that these other decay components had been, we

Table 1. The average and standard deviations for the carbon isotope ratios (d13C), nitrogen

isotope ratios (d15N), % tissue carbon, % tissue nitrogen, and C:N ratios of terra-firme forests

studied in the Amazon Basin.

d13C(&) d15N (&) %C %N C:N

Leaf (756) )32.2±2.5a 5.8±1.6a 46.9±4.6a 2.29±0.7a 22.6±7.7a

Litter (129) )30.3±1.6b 6.0±1.6a 45.8±5.9b 1.93±0.7b 25.4±6.0a

Decaying Wood (27) )29.5±1.6b 5.8±1.4b 43.6±4.0c 1.58±0.6c 31.1±11.2b

Wood (24) )28.3±1.5c 4.6±2.0c 47.4±2.6a 0.60±0.6d 145.4±82.1c

Bark (13) )29.4±2.4b 3.5±2.1d 51.5±7.9d 0.78±0.3d 70.4±26.0d

The number in parentheses indicates the total number of samples). Different letters indicate

significant statistical difference at the p<0.05 or less level.

Figure 1. Plots of the nitrogen isotope ratio (d15N) versus carbon isotope ratio (d13C) for leaves
from all study sites.
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detected the highest %C, lowest %N, and highest C:N ratio in undecayed
wood.

As expected, the highest %N contents were observed in leaves and these
concentrations were statistically higher than in all other tissue components
analyzed (Table 1). Undecayed wood and bark had the lowest %N contents,
roughly 3–4 fold lower than in leaves. Yet surprisingly the litter and decaying
wood components was roughly 2–3 folds higher in %N than undecayed wood.

Difference among study sites

The Flona-1 site stood out as distinctive from the other three forest site in two
ways (Figure 1). First, although d15N leaf values for all locations were gener-
ally clustered between +3 to þ8&, the very highest d15N leaf values were
measured at Flona-1 with many species having values exceeding þ9&. Second,
while the lowest range of d15N leaf values at other sites were +1 to þ3&, these
lowest values were absent at Flona-1. As a consequence, the d15N average value
was significantly higher at Flona-1 in relation to all other sites (Table 2).
Interestingly, Flona-1 and Flona-2 are only 3 km apart and yet had statistically
different d15N values. The basis of these differences was not clear once not all
species were represented in both sites. Looking at differences between trees
families occurring in Flona-1 and Flona-2, Caesalpinaceae (legume), Bursera-
ceae, Rubiaceae, Sapotaceae, Lecythidaceae, showed the same pattern discussed
above. Only Lecythidaceae had the d15N values higher at Flona-2, however the
species within this family were not the same.

When a comparison is made of the d13C values of leaves at all canopy heights
across these study sites, there was no significant difference across sites
(Table 2). The very isotopically light 13C leaf values reflected a strong contri-
bution from partly-to-fully shaded vegetation elements of the canopy. For an
alternative comparison, we considered vegetation samples up to a height of
26 m, which is where each of the canopies opened up. If we considered these

Table 2. The average and standard deviations of the carbon isotope ratios (d13C), nitrogen

isotope ratios (d15N), % tissue carbon, % tissue nitrogen, and C:N ratios of terra-firme forests

studied in the Amazon Basin.

d13C(&) d15N (&) %C %N C:N

ZF2 C14 – 133 (133) )32.1±2.9a ()32.2±3.0)a 4.6±1.3a 49.7±3.7a 2.07±0.7a 26.8±8.3a

ZF2 K34 (42) )32.6±2.7a 4.33±1.7a 50.5±3.3a 2.04±0.6a 27.5±9.5a

Flona-2 – 165 (150) )32.8±2.2a ()33.1±1.9)b 5.3±1.3a 45.9±4.5b 2.31±0.79b 22.0±7.6b

Flona-1 – 366 (280) )32.1±2.6a ()32.9±2.1)b 6.8±1.3b 46.5±5.3b 2.45±0.76b 20.9±7.6b

Rebio – 48 (40) )31.9±2.2a ()32.3±2.0)ab 5.0±1.4a 45.9±3.5b 2.48±0.65b 19.8±5.6b

Different letters indicate significant statistical difference at the p<0.05 or less level. Numbers

following the sites names indicate the number of samples. Average d13C values between brackets

were obtained considering a maximum canopy height of 26 m (see text for further explanation).
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‘‘shaded’’ conditions, then the average d13C values at Flona-1 and Flona-2
were significantly lower than the ZF2 site (Table 2). As no statistical differ-
ences in carbon or nitrogen isotope ratios were found between the two tower
sites in Manaus, they will be considered hereafter only as ZF2. Latter in the
discussions we will consider the implication of the foliar isotopic signature
in these sites in relation to different carbon assimilation by the vegetation
proposed by Araujo et al. (2002).

The average N concentration was significantly lower and the C average
concentration was significantly greater at the ZF2 site when compared with
other sites (Table 2). As a consequence, the C:N ratio was significantly higher
in the ZF2 site than in the other sites (Table 2).

Nitrogen isotope ratios and nitrogen contents of leguminous species

From the 756 tree leaf samples, 353 had botanical identifications, allowing
enough samples to evaluate distinctions between legume and non-legume
plants. We expected lower leaf d15N values if these plants were fixing N from
the atmospheric air; generally legume leaves have been found richer in N than
non-legume plants (McKey 1994; Evans 2001). The Rebio site had no species-
level identifications at all and could not be considered in these evaluations.
Considering the other three forest sites, the average foliar N concentration was
statistically higher in legume leaves than in non-legume leaves at each of these
forest sites (p<0.01. Table 3). Considering all samples, the total average foliar
N concentration among 95 legume trees was 2.77±0.68%, which was statis-
tically higher (p<0.01) than the total average foliar concentration of 258 non-
legume trees (2.06±0.66%.). The foliar N concentration of non-legume trees
was not significantly different among sites; nor was the foliar N concentration
of legume trees significantly different between sites (Table 3).

The foliar d15N values of a fixing legume tree should reflect the atmosphere
N source (ca. 0&) and therefore should contrast with the d15N values of non-
fixing species. However, at the ZF2 and Flona-1 sites there were no significant
differences in the foliar d15N among legume and non-legume trees (Table 3).

Table 3. Foliar average and standard deviations of the N concentration and d15N among the

study sites.

Legume (%N) Non-legume (%N) Legume d15Nð&Þ Non-legume d15Nð&Þ

ZF2 2.45±0.74Ab (19) 1.94±0.62Ba (61) 5.5±1.5Ab (19) 4.8±1.3Ab (61)

Flona-2 3.27±0.67Aa (20) 2.07±0.67Ba (105) 6.3±1.3Aa (20) 5.1±1.1Bb (105)

Flona-1 2.67±0.54Ab (37) 2.16±0.67Ba (66) 7.0±0.9Aa (37) 6.9±1.0Aa (66)

The number in parentheses indicates the number of values. Different upper case letters indicate

difference between columns, and different lower case letters indicate significant difference between

rows at the p<0.05 or less level.
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The total percentage of legumes samples to the total leaf samples at Flona-1
was 21%, while at Flona-2 and ZF2 were 15 to 16%, respectively.

Soil organic matter

The d15N of soil organic matter at Flona 1 and 2 ranged from +7.5 toþ11:5&
in 50-cm soil profiles (Figure 2). In a broader survey (Telles et al. 2003) have
shown d15N values from +8 to þ10& at surface and from +10 to þ12& at
depth within the Manaus and Santarem regions. Soil organic nitrogen content
mirrored d15N values, with d15N becoming increasingly more positive with soil
depth.

At the same time, the soil d13C values increased with depth, ranging almost
2& from�28& to �26& (Figure 2), and the organic matter content decrease
in depth, with most of the carbon located in the upper soil layer (0–10 cm).
Interestingly the soil d13C values spanned a much smaller range than did the
canopy leaf d13C values, suggesting that the leaves with very negative d13C
values were likely not contributing significantly to the soil carbon pool.

Temporal variability

The sampling at ZF2 (Manaus) and Flona-1 (Santarém) allowed us to inves-
tigate the temporal variability of the d13C and d15N values of tree leaves over a
5-year period. For ZF2 there was slight response in d13C values of ca. 2& in the
understory vegetation to variations in precipitation, with higher d13C values
occurring drier periods and lower values occurring during the wet seasons
(Figure 3). A statistical analysis indicated a significant, negative correlation
between understory d13C values of vegetation and the monthly mean precipi-
tation (p<0.05). In the mid-canopy heights (h=5–20 m), the changes in d13C
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Figure 2. Plots of the variations in carbon isotope ratio (d13C), nitrogen isotope ratio (d15N), %

soil carbon content, and % soil nitrogen content of soil organic matter as a function of soil depth at
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values were muted showing no significant temporal variability, suggesting a
damped response of the vegetation to changes in the seasonal moisture inputs
(Figure 3a). At Flona-1 in Santarém, the d13C values showed a positive cor-
relation with monthly precipitation although with a lag of 5 months, for both
upper canopy and understory leaves (Figure 3b). The increase of water avail-
ability in the system would change the d13C of the leaves by changes in the ci/ca
ratio, although the patterns observed indicated a difference between the
expected isotopic signature of a recent carbon assimilated and the bulk leaf
carbon. An important aspect of Figure 3a and 3b), is the different species
specific responses to seasonal-scale environment variability, in this case pre-
cipitation. Two trees (Copaifera multijuga and Manilkara huberi) at the top of
the canopy had distinct foliar d13C values and distinct response to precipitation
that seemed to follow a multi-year cycle (Figure 4a). Similarly, the lianas at the
top of the canopy (Priomostemma aff. aspera and Tetrapterrys sp.) at Flona 1
site also showed long-term d13C changes that were not annual (Figure 4b).
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A 2& temporal variation of the foliar d15N values was seen in the leaves of
the understory vegetation at the ZF2 site; this pattern was positively correlated
to variations in precipitation in the understory vegetation, but not significantly
correlated with precipitation in the mid-canopy and top-canopy layers
(Figure 5a).The seasonal variation of the foliar d15N at the Flona-1 showed
significant negative correlations between d15N of both the understory and mid-
canopy vegetation and the average monthly precipitation (p<0.01); for the mid
canopy vegetation there was a 5-month lag correlation with the monthly pre-
cipitation (Figure 5b).

Height variability of the foliar d13C values

The foliar d13C values were significantly correlated with canopy height at all
forest sites (Figure 6). Linear equations between canopy height and d13C were
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determined and the intercepts and slopes of these height relationships at Flo-
na-1 and Flona-2 were not distinguishable statistically (Table 4). The equation
describing d13C variation with canopy height at the Rebio site had a similar
slope to the Flona observations, but a higher intercept. Finally, the equation
describing d13C variation with canopy height at Manaus had a smaller inter-
cept but a higher slope than the equations for the other sites (Table 4).

Height variability of the foliar d15N values

We evaluated correlations between d15N and canopy height for each of these
forest sites. At the ZF-2 and Flona-1 sites, there were significant, positive
correlations between d15N and canopy height, however the proportion of the
variance in the d15N values explained by canopy height was small at both sites
(Table 5, Figure 7). We separated the d15N values of tree leaves into four
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height categories at all sites (Table 6). Significant differences in d15N values
were detected among understory vegetation and the upper canopy layers for
ZF2 and Flona-1, but none of these relationships were statistically significant
at Rebio or Flona-2. For all regions no statistical difference on the d15N of tree
leaves were detected among the upper canopy vegetation.

Discussion

The use of stable isotope analysis of plant material can provide important
information about the ecology and dynamic of the vegetation and its inter-
action with the surrounding environment. In the Amazon region of Brazil,

Figure 6. Variations in the carbon isotope ratios (d13C) of leaves with height for each of the four

study sites (regression lines found in Table 4).

Table 4. Equations describing the statistical relationships between d13C and height (H), the R2

value for that relationship, and number of data (N) for the four forest sites.

Site Equation R2 N

Manaus-ZF2 d13C=)35.9+0.25*H 0.80** 166

Santarém-Flona-2 d13C=)34.8+0.19*H 0.64** 165

Santarém-Flona-1 d13C=) 34.9+0.17*H 0.75** 339

Ji-Paraná-Rebio d13C=) 34.0+0.16*H 0.63** 48

All regressions were statistically significant at the p<0.05 or less level.
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despite being the largest contiguous tropical forest of the world, few studies
have been carried on the past looking at the carbon and nitrogen isotopic
variation of the vegetation (Martinelli et al. 1998).

The data present here indicate a variability of the d13C among species and
sites, but with most of the variation associated with canopy height. Similar
patterns have been noted in other tropical forest sites (Kruijt et al. 1996;
Buchmann et al. 1997; Martinelli et al. 1998; Guehl et al. 1998a, b, and Bonal
et al. 2000a, b). The overall average d13C value for all our samples
(�32:2
 2:5&; n=756) was similar to average values reported for other
tropical forests by Buchmann et al. (1997) and consistent with an expected high
photosynthetic carbon isotopic discrimination (Farquhar et al. 1989). Between
63% and 80% of the variance of d13C values was explained by the canopy

Table 5. Equations describing the relationships between foliar d15N and height (H), the R2 value

for that relationship, and number of data (N) for the four forest sites.

Site Equation R2 N

Manaus-ZF2 d15N=4.3+0.030*H 0.09** 166

Santarém-Flona-2 d15N=5.05+0.025*H 0.01ns 165

Santarém-Flona-1 d15N=5.95+0.053*H 0.24** 340

Ji-Paraná-Rebio d15N=4.63+0.030*H 0.03ns 48

All regressions were statistically significant at the p<0.05 or less level.

Figure 7. Variations in the nitrogen isotope ratios (d15N) of leaves with height for each of the four

study sites study sites (regression lines found in Table 5).
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height (Table 4). These data agree with findings by Martinelli et al. (1998) in a
terra-firme forest at the western Brazilian Amazon. Difference in the foliar
carbon isotope ratios of forest canopies profiles have also been detected in the
past (Ehleringer et al. 1986; Medina et al. 1986, 1991, Jackson et al. 1993;
Lloyd et al. 1996; Bassow and Bazzaz 1997; Berry et al. 1997; Buchmann et al.
1997; Bonal et al. 2000b; Fessenden and Ehleringer 2002; Ometto et al. 2002).
Upon further examination, the observations in Table 4 suggest a canopy that is
more closed in the Manaus forest when compared to tropical forests in
Santarém and Ji-Paraná. These patterns are consistent with known differences
in the lengths of the dry season among these sites, and are predicted given that
the Manuas forests had the shortest dry season. The d13C data can also be
interpreted as indicating that some portion of recycled respired CO2 as source
to the photosynthesis of understory leaves, contributing to the leaf d13C values
(Sternberg et al. 1989). At an extremely high ci/ca ratio of 0.9, we would expect
that leaf d13C values would approach �33& under typical atmospheric [CO2]
values today. Yet many of the leaf d13C observations were less than �33&
(e.g., Figure 1), strongly inferring a more negative atmospheric d13C value than
�8&. Ometto et al. (2002) did provide evidence that the d13C values of
atmospheric CO2 in the bottom of these forest canopies were more negative
than at the top of the canopy. In the past, variations in d13C values have been
correlated with other parameters not immediately related to canopy height,
including water-use efficiency (Guehl et al. 1998a, b; Bonal et al. 2000a),
branch morphology and hydraulic conductivity (Walcroft et al. 1996; Panek
1996), structural and compositional differences between leaves (Broadmeadow
and Giffiths 1993; Bonal et al. 2000a, b; Leffler and Enquist 2002), and leaf age
and position in the crown (Gebauer and Schulze 1991; Donovan and Ehle-
ringer 1992). Just how much additional these factors contributed to variations
in d13C values is unknown.

Ehleringer et al. (2000) noted that soils tend to become 13C enriched with
depth as soil carbon became older and more processed by soil microbes. The
d13C of the soil organic matter for Flona-1 and Flona-2 reflected this decay
process being ca.2& heavier than the ground surface litter component (Table 1
and Figure 7), and becoming 13C enriched in the deeper soil layers as soil

Table 6. Foliar average d15N and standard-deviation at different canopy heights at the different

study sites.

Canopy height ZF2 Flona-1 Flona-2 Rebio

£ 1 m 4.1±1.3 (57)a 5.7±1.3 (100)a 5.0±1.3 (18)a 4.2±1.4 (12)a

5 to 10 m 5.6±1.4 (13)b 7.1±1.0 (62)b 5.2±1.3 (101)a 5.1±1.5 (10)a

15 to 20 m 4.9±1.2 (33)b 7.0±1.1 (78)b 5.7±1.2 (24)a 5.5±1.4 (12)a

‡ 20 m 4.9±1.2 (63)b 7.4±1.2 (100)b 5.6±1.3 (22)a 5.2±1.3 (14)a

Numbers in parentheses are the number of samples for each canopy height. Different letters

indicate statistical significant differences between averages of the different heights at the p<0.05 or

less level.
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carbon decreased. These observations support previous observations by
Camargo et al. (1999) for other rainforest regions within the Amazon basin.
The soil-depth profiles in tropical regions are distinct from temperate regions
because of the more rapid decline in soil organic carbon with soil depth.
Similar to our observations, Natelhoffer and Fry (1988) had shown that soil
d15N values increased with soil depth. The results from these tropical forest
profiles are again distinct in that most of the changes occur in the initial 10-cm
depth into the soil.

The d15N of leaves can reflect the nutrient pools that the vegetation is
exploiting, nitrogen fixation, soil pools, re-translocation within the plant,
among others. The average d15N value for non-leguminous trees in our data
(5:3
 1:2&, Table 3) was similar to the value presented by Martinelli et al.
(1999) for several tropical forests around the world. These high d15N values
have been interpreted as an indication of relatively high nitrogen abundance in
these ecosystems. However, our dataset contrasts with the Roggy et al. (1999a)
observations for d15N foliar values for French Guiana. In that study, they
found 82% of the foliar d15N values falling between�1& toþ3&. In our study
only ca. 5% of the values were lower than3&, which agrees with global model
predictions by Amundson et al. (2003). Another aspect to point out was the
slight, but significantly lower foliar d15N values observed in the understory
vegetation when compared with the upper canopy strata at the ZF2 and Flona-
1 forests (Table 5). The contrasting d15N values within a site might be inter-
preted as indicating that these plants were obtaining different nitrogen sources
in the soil. Here the form of nitrogen uptake could differ among species or
perhaps nitrogen losses by volatilization at upper canopy leaves might leave
behind enriched 15N in relation to understory leaves (J.Berry, personal com-
munication). Finally, a preferential uptake of NH4 by larger trees and a
preferential uptake of NO3 by plants of the understory would also contribute
to increase the d15N in the upper canopy, since in the soil the d15N–NH4 is
generally higher than d15N–NO3 (Högberg 1997). The high average d15N value
found in this study confirms that tropical forests are more 15N- enriched than
temperate forests (Martinelli et al. 1999). The d15N values were also more
enriched relative to the vegetation in savannas to the south of Brazil (Cerrado,
Bustamante et al. 2004).

Precipitation gradient

The response of photosynthesis and respiration to precipitation or water
availability will be reflected in the carbon isotope ratios of the vegetation
(Farquhar et al. 1989). The carbon isotope ratios of foliar tissue represent a
balance between stomatal conductance to supply CO2 and photosynthetic
demand consuming CO2, integrated in the ci/ca ratio. A recent study of eco-
system gas flux in Santarém showed that the gross ecosystem production
(GEP) responded weakly to seasonal changes in precipitation while respiration
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had a much stronger response (Saleska et al. 2003). Our data for Santarém
Flona-1 site (Figure 3b) showed that the seasonal distribution of precipitation
was correlated with the d13C variability of tree leaves. Even though an expected
trend would indicate smaller d13C signal with increase of water availability and
ci/ca ratio (e.g. Walcroft et al. 1997), our observations suggested a time lag
between the carbon structurally allocated on the leaves tissues and the carbon
fixed by photosynthesis, being correlated, therefore, to previous rain events.
The eddy-covariance studies at the Flona-1 site predict carbon fixation that is
more 13C enriched associated with less woody growth in the dry season and
with a significant increase at the beginning of the rainy season (Saleska et al.
2003; Goulden et al. 2004; Miller et al. 2004). The mechanism suggested by
Saleska et al. (2003) for the increase of wood increment ‘‘just before’’ the
returning of the rain could be related to the specific carbon re-allocation by the
plant and then reflected in the lag of the d13C values as shown in our temporal
data.

In Manaus, the seasonal variation of foliar d13C values were small
(Figure 3a), with the exception of changes in the d13C values of understory
vegetation. In this strata there were ca. 2& variations between seasons.
Consistent with the smaller interseasonal variations in 13C values, NEE (Net
Ecosystem Exchange) observations using eddy-covariance approaches at ZF2
in Manaus have also indicated a smaller seasonal variation (Grace et al.
1996; Araújo et al. 2002), especially when compared to Flona-1 in Santarém
(Saleska et al. 2003). The basis for these differences is likely to be the dif-
ferences in the lengths of the dry season, with Manaus experiencing a much
shorter dry season even though the total annual precipitation values are
similar.

The d15N of leaves were quite positive and generally did not show significant
variations within sites. A possible explanation for this pattern would be a more
open nitrogen cycle in which N gas losses by microbes resulted in the prefer-
ential loss of light N and the residual accumulation of 15N components in the
soil. Here observations and the predictions of d15N with the Amundsen et al.
(2003) global model are in disagreement. In their model soils should become
15N-depleted with the high precipitation amounts that characterize rainforests.
In fact, differences in the annual amount of rainfall are not big between
Manaus and Santarém regions, but the length of the dry season is quite dif-
ferent among these sites (see also Figure 2 a and b). The biological processing
of the soil organic nitrogen might present local peculiarity between the tropical
regions, causing changes in the soil nitrogen mineral form available to plants.
Nardoto et al. (in preparation) suggest that in Santarém the major nitrogen
form available to plants in the soil is 15N-enriched ammonium (NH4

+). In
Figure 1 one can observe the spatial variation of the leaf nitrogen isotope
ratios at our study sites, especially at Flona-1. The basis for this difference
remains unclear.

267



Leguminous trees in a non limiting nitrogen environment

The foliar N content was especially high in legume trees if compared with non-
legumes (Table 3), in agreement with earlier findings by McKey (1994). The N
enrichment in leaves of legume trees was already noted for tropical forests
(Roggy et al. 1999a; Vitousek et al. 2002). One of the possible explanations is
that a fraction of the N present in the legumes is derived from the biological
fixation from the atmosphere. Although we observed an average foliar d15N for
legume trees close to þ5& at ZF2 and Flona-2 and close to þ7& at Flona-1
(Table 3), suggesting that most of the legume trees were not fixing nitrogen in
the terra-firme forests of the study regions of the Amazon. A similar conclusion
was proposed by others authors looking at nitrogen fixation in tropical forests
(Sylvester-Bradley 1980; Yoneyama et al. 1993; Vitousek et al. 2002; Gehring
2003). Based on these studies Vitousek et al. 2002 suggested that symbiotic N
fixation in tropical forests might occur only during temporary N shortage.
However, in contrast, Roggy et al. (1999a and 1999b) found a significant
contribution of legume atmospheric fixed-N2 to the nitrogen budget of a
tropical forest on Oxisol soils in French Guiana.

Most of the legume tree species in the Flona-1 and Flona-2 sites belong to
the sub-family Caesalpinoideae, which is known by having few N-fixing species
(Souza et al. 1994). N-fixing species are much more common in the sub-fam-
ilies Mimosoideae and Papilionoideae (Sprent 1995). At Flona-1, from 37
samples of Caesalpinoideae, 35% belongs to the genus Sclerolobium (a nitrogen
fixing genus). However, none of them had d15N values significantly lower than
the average of non-legume trees. Only one species (Ormosia sp.) belonged to
the sub-family Papilinoideae. This specie had a d15N value of þ4:5&, which is
lower than þ6:9&, the average found for non-legume trees in this site. Five
species of the sub-family Mimosoideae were found at Flona-2 and most of the
Caesalpinoideae trees belong to the genus Tachigali and Sclerolobium (both
nodulating trees with potential for fixing nitrogen, Sprent 1995). However,
from this total, only two species of Inga (Mimosoideae) had d15N values
significantly lower than the average d15N value found for non-legume trees.
Finally, at ZF-2 site most samples belonged to the Mimosoideae family, but
one tree (Inga sp.) had a d15N value (þ3:0&) significantly lower than the
average d15N value of non-legume trees (þ4:8&) (Table 3).

A significant difference on the d15N of tree leaves was found between Flona-1
and Flona-2 sites, despite the proximity of the sites (Table 6). A similar result
was not detected in the understory vegetation, although in all other canopy
heights the d15N values at Flona-1 were significantly higher than at Flona-2
(Table 6 and Figure 1). We also compared the foliar d15N of legume and non-
legume trees at both sites. For non-legume trees the difference between these
two sites was still significant, but there was no statistical difference for legume
trees (Table 6). Therefore, it seems that non-legume trees were responsible for
the observed difference in d15N values between these two sites. Based on this
fact, we selected two species of non-legume trees that occurred in the two sites.
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This procedure rules-out any potential difference in the foliar d15N values
caused by physiological differences among species. Both plants, Coussarea
racemosa and Manilkara huberi had higher foliar d15N values at Flona-1
(6.10±0.77a, n=14; 6.60±0.48a, n=16) than at Flona-2 (4.76±0.46b, n=9;
4.73±0.70b, n=6) for each species at the sites (same letters indicate statistical
significance). As there is a small but significant correlation between foliar d15N
and tree height, we tested for differences between the two tree species using an
ANOVA analysis with a co-variance for tree height and the different sampling
heights in the two sites did not produce the differences the d15N of both species.

It is not easy to explain the differences in d15N values observed in non-
legume trees of Flona-1 and Flona-2, since the sites are quite close to each
other, with similar vegetation, and the same precipitation and temperature
regimes. In a general sense the d15N value may vary with the type of vegetation
(Handley et al. 1999), dominant nitrogen form assimilated by the different
plant species (Stewart et al. 1992; Roggy et al. 1999a), or climatic patterns
(Handley et al. 1999; Amundson et al. 2003). Martinelli et al. (1999) working
with white sand-soils (‘‘campinarana’’ forest) and savannas within the Amazon
forest observed that the foliar d15N of tree species have much lower values of
d15N than the more extensive terra-firme forests in similar climatic pattern. The
d15N value of total-N in the soil is not always similar to the nitrogen available-
N to plants, especially when nitrate is formed by nitrification (Hogberg 1997).
Our results show a d15N of soil organic matter that was on average 0:7&
heavier at the Flona-1 forest site when compared to the Flona-2 forest site
(Figure 2). The foliar d15N values of Flona-1 were ca. 1:5& heavier in this site
when compared to Flona-2 (Table 8). Thus, it is reasonable to hypothesize that
part of the difference between the two sites may be explained by differences in
the d15N of the soils. Although, further investigations on the dominant form of
inorganic nitrogen available to the plants (NH4

+ or NO3
)), on the organic N

pool and on the isotopic fractionation during the uptake and assimilation
process (Hogberg 1997) would be very helpful for further understanding of the
nitrogen isotope variation between these two sites.

The differences in forest structure are important in the ecological under-
standing of the system and the d13C values obtained in this study showed a
consistent response changing it value with the canopy height, reflecting the
forest structure. Changes in canopy heights also observed for the nitrogen
probably indicate different pools been explored in the soil, once the nitrogen
availability in the Amazon primary forest is high. Isotopic variations associ-
ated with the length of the dry season, observed in carbon indicate an inter-
esting patterns and the importance of recent fixed carbon to the integrated
isotopic signature of the leaf organic carbon. Our current ecophysiological
knowledge concerning light and water availability, nutrients and recycling of
soil-respired CO2 show the isotopic data here presented consistent with an
open carbon and nitrogen cycle by an highly diverse vegetation dealing with
high energy and water input and nitrogen availability.
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