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Abstract

The main purpose of this study is to perform a nitrogen budget survey for the entire Brazilian Amazon region. The 
main inputs of nitrogen to the region are biological nitrogen fixation occurring in tropical forests (7.7 Tg.yr–1), and 
biological nitrogen fixation in agricultural lands mainly due to the cultivation of a large area with soybean, which is 
an important nitrogen-fixing crop (1.68 Tg.yr–1). The input due to the use of N fertilizers (0.48 Tg.yr–1) is still incipient 
compared to the other two inputs mentioned above. The major output flux is the riverine flux, equal to 2.80 Tg.yr–1 
and export related to foodstuff, mainly the transport of soybean and beef to other parts of the country. The continuous 
population growth and high rate of urbanization may pose new threats to the nitrogen cycle of the region through the 
burning of fossil fuel and dumping of raw domestic sewage in rivers and streams of the region.

Keywords: nitrogen balance, Amazon, biological nitrogen fixation, land use changes, urbanization.

Balanço de massa do nitrogênio na Amazônia Brasileira: uma atualização

Resumo

O principal objetivo deste estudo é realizar um balanço do nitrogênio em toda a Região Amazônica Brasileira. As 
principais entradas de nitrogênio na região foram a fixação biológica do nitrogênio que ocorre nas florestas tropicais 
(7,7 Tg.ano–1) e a fixação biológica do nitrogênio em terras agrícolas, que ocorre principalmente devido à existência 
de grandes áreas de cultivo de soja, uma importante cultura de fixação de nitrogênio (1,68 Tg.ano–1). A entrada em 
razão do uso de fertilizantes nitrogenados (0,48 Tg.ano–1) ainda é incipiente em comparação com aquelas duas outras 
entradas mencionadas. Os maiores fluxos de saída foram o fluxo fluvial, que foi igual a 2,80 Tg.ano–1, e a exportação 
relacionada aos gêneros alimentícios, principalmente a transferência de soja e carne para outras regiões do País. O 
contínuo crescimento populacional e as elevadas taxas de urbanização podem representar novas ameaças sobre o 
ciclo do nitrogênio da região por meio da queima de combustíveis fósseis e do despejo de esgoto doméstico nos rios 
e córregos da região.

Palavras-chave: balanço do nitrogênio, Amazônia, fixação biológica do nitrogênio, mudança do uso da terra, urbanização.
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1. Introduction

The Amazon basin encompasses an area of approximately 
6.3 million km2; if the whole physiographic region is 
included, the area of the entire biome reaches approximately 
7 million km2. The Amazon is recognized as one of the 
most important biomes on Earth because it is the home to 
thousands of animal and vegetal species, and due to the size 
of it contiguous forest it is an important carbon storage and 
also plays a key role in the regulation of world climate.

Globally the nitrogen cycle has been altered by several 
anthropogenic activities producing reactive nitrogen; among 
them, the most important are the production of nitrogen 
fertilizer, the burning of fossil fuel, and the cultivation 
of nitrogen-fixing crops. Therefore, there is a clear link 
between the production of food and energy by humans 
and interference in the natural nitrogen cycle.

The Amazon region has been facing a sharp socio-
economic transformation since the middle of the 1970s. 
Among these transformations, rapid replacement of the 
natural vegetation by agricultural lands has been coupled 
with intensification of agriculture, population growth and 
rapid urbanization rates. These changes have the ability 
to interfere with the nitrogen cycle of the Amazon basin 
in several ways. For instance, the burning of the forest 
transfers nutrients locked in the vegetation to soils and 
the atmosphere, as is in the case of nitrogen. The most 
common replacement of the tropical forest is by pasture; 
in this landscape, as the pasture ages, there is a decrease in 
the nitrogen cycle, and with time, these pastures become 
an N-impoverished landscape. On the other hand, if a 
soybean field replaces pasture, there is the potential of the 
landscape to become N-rich again because the capability 
of this crop to fix large amounts of nitrogen from the 
atmosphere. Besides soybean, other crops, such as rice, are 
becoming cultivated in the Amazon region and, although 
the price of N fertilizers is still high in this region, as the 
transport infrastructure improves in the region, there is the 
potential for widespread use of fertilizers. Additionally, as 
the population grows and urbanization increases, there is 
a tendency for people to expend more energy by burning 
fossil fuel, releasing more nitrogen to the atmosphere.

Therefore, the Amazon region, which is well known for 
having N-rich forests especially due to the high nitrogen 
fixation occurring in these ecosystems, may also become 
rich in reactive nitrogen produced by humans. In an earlier 
nitrogen mass balance survey carried out in the region, 
biological nitrogen fixation by natural vegetation was by 
far the most important source of nitrogen to the Amazon 
(Filoso et al., 2006). However, although much lower, 
the biological nitrogen fixation by nitrogen-fixing crops 
such as soybean, was the second most important N source 
(Filoso et al., 2006), which raises the following salient 
questions: How has the rapid and vigorous expansion of 
soybean cultivation in the region affected the nitrogen 
sources balance in the region? How much did consumption 
of nitrogen fertilizer increase with agricultural expansion 
and intensification? What are the consequences of the rapid 

population growth and increase in urbanization rates in 
the Amazon on the nitrogen cycle?

The main objective of this study is to investigate how 
land use changes and population growth are affecting the 
nitrogen cycle in the Amazon basin.

1.1. Brazilian Legal Amazon – demographic and land 
cover/use information

The Brazilian Legal Amazon in 2007 had an estimated 
total population of near 23 million people (IBGE, 2007) 
(Figure 1). This region had an above average population 
growth in relation to the country, especially in the 1980s 
and 1990s. This population growth was followed by a 
process of urbanization, and today more than 70% of the 
population lives in large cities such as Belém and Manaus 
(Figure 2).

The arable land area of the Amazon region is 
approximately 12 million ha, which is equivalent to 
approximately 20% of the arable land of the country 
(Figure 3). Soybean, maize and rice are the most important 
crops in terms of area (Table 1). However, the most 
important single land use in the Amazon region is pasture 
for livestock. In 2009 there were almost 75 million heads 
of cattle in the Amazon region, which is equivalent to 35% 
of the entire Brazilian herd (Figure 4). If we consider a 

Figure 1. Population growth in the north region of Brazil 
and in the Brazilian Legal Amazon. Data source: www.
ipeadata.gov.br

Figure 2. Urbanization rate growth of the north region of 
Brazil. Data source: www.ipeadata.gov.br 
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stocking rate of one head per hectare, this would yield a 
pasture area of approximately 75 million ha. However, 
this is probably an underestimate because stocking rates 
in the Amazon are mostly under one head per hectare 
(Barreto et al., 2008).

One of the consequences of this land use change was 
the removal of tropical forests, replaced mainly by pasture 
and then by crops. From 1988 to 2010, almost 40 million 
ha of forest were lost, resulting in an average deforestation 
rate of almost 1.8 million ha per year (Figure 5).

2. Material and Methods

2.1. The nitrogen budget

We applied a nitrogen budget for large regions 
based on several other studies applying the same balance 

(Howarth et al., 1996; Boyer et al., 2002; Filoso et al., 
2003, 2006). The foundation of the budget is a nitrogen 
input-output model.

Net N budget = ΣN
INPUTS

 – ΣN
OUTPUT

	 (1)

where ΣN
INPUT

 is the sum of natural and anthropogenic 
N inputs (positive sign by definition) and ΣN

OUTPUT
 is the 

sum of natural and anthropogenic N outputs (negative 
sign by definition).

We considered the nitrogen fixed biologically (F
FBN

) by 
natural occurring vegetation formations and by atmospheric 
electrical discharge (F

AEL
) as natural N inputs to the 

region. Both processes transform unreactive atmospheric 
N2 molecules to reactive nitrogen. On the other hand, 
we considered nitrogen from applied fertilizer (F

FERT
), 

biologically fixed nitrogen in agriculture (F
FBN-A

), and import 
of foodstuffs (F

IMP
) as anthropogenic N inputs to the region. 

Atmospheric deposition (F
ATM

) also was considered an N 
input; however, it is difficult to attribute its origin: whether 
it is a natural phenomenon or an enhanced deposition due 
to anthropogenic activities. We considered the nitrogen 
that leaves a region via riverine transport (F

RIV
) and losses 

to the atmosphere by denitrification of nitrate (F
DESN

) as 
natural N outputs. We considered the export of foodstuff 
from a region (F

EXP
) as anthropogenic outputs. Therefore, 

the extended budget could be viewed as follow:

Net N budget = (F
FBN

 + F
AEL

 + F
FBN–A

 +  
F

FERT
 + F

IMP
 + F

ATM
) – (F

RIV
 + F

DESN
 +  F

EXP
)	

(2)

In such an N budget for large regions, it is important to 
mention that the N content of the soil and natural vegetation 
are in a steady state, which means that N gains are equal 

Figure 3. Growth of agricultural land (temporary + permanent plots) and the relative contribution of the Brazilian Legal 
Amazon in relation to the total agricultural land of the country. Source: www.ipeadata.gov.br

Table 1. Area and nitrogen inputs via biological nitrogen 
fixation (BNF) and fertilizer consumption for major crops 
cultivated in the Amazon.

Crop Area(ha)
BNF Fertilizer

kg N.ha–1.yr–1

Pasture 74,074,127 15 0
Soybean 6,476,521 170 10
Maize 2,371,381 100
Rice 1,016,483 100
Cassava 654,570 0
Beans 370,775 40 60
Sugarcane 304,873 33 80
Coffee 133,411 200
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to N losses, assuming that soil and vegetation nitrogen 
stocks are constant. This assumption should be viewed 
with caution in such a large and dynamic landscape as 
the Amazon region (Filoso et al., 2006).

2.2.  Data sources

The data source for this study was the same as those 
used by Filoso et al. (2006) with requisite time updates. 

Briefly, we estimated F
FBN

 by multiplying the area of natural 
vegetation by the rate of BNF provided by Cleveland et al. 
(1999). We used the same distinction made by Filoso et al. 
(2006). For Ultisols and Oxisols covering approximately 
70% of the basin, we assumed a nitrogen fixation rate of 
15 kg.ha–1.yr–1 and for the remaining 30% that are more 
fertile soils, we assumed a nitrogen fixation rate of 25 kg.
ha–1.yr–1. We assumed the area of tropical forest in the 

Figure 4. Growth of cattle heads and the relative contribution of the Brazilian Legal Amazon in relation to the total heads 
of the country. Source: www.ipeadata.gov.br

Figure 5. Temporal variability of the deforestation rate in the Brazilian Legal Amazon. Source: www.inpe.br/prodes
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Brazilian Legal Amazon as equal to 3.500 million ha 
(Carreiras et al., 2006). We estimated the F

FBN–A
 also by 

multiplying the area of each fixing crop by the respective 
rate of BNF obtained in the literature. We consider 
soybean, beans, sugar cane and pasture as fixing crops 
in the Amazon region. Based on Filoso et al. (2006), we 
assumed the following fixation rates: 170 kg.ha–1.yr–1 for 
soybean, 40 kg.ha–1.yr–1 for beans, 30 kg.ha–1.yr–1 for sugar 
cane, and 15 kg.ha–1.yr–1 for pasture (Table 1). The area 
for each crop was for 2006 and these areas were obtained 
from Table 1612 of the Perfil Agrícola Municipal (IBGE, 
2009a). We estimated the F

FERT
 by multiplying the area of 

the most important crops in the Amazon region in terms 
of area by the average N fertilizer consumption by each 
crop taken from the literature and also from information 
from colleagues who work with each crop (Table 1). The 
estimates of F

AEL 
and F

ATM
 were assumed to be the same 

values estimated by Filoso et al. (2006).
The riverine N output (F

RIV
) was estimated by multiplying 

the river discharge measured during nine periods from 1982 
to 1984 at Óbidos by the CAMREX project multiplied by 
the concentration of dissolved inorganic nitrogen (DIN), 
dissolved organic nitrogen (DON), and by the concentration 
of particulate nitrogen (PN) according to the following 
equation (Lewis et al., 1999):

F
RIV 

= ΣQ
I
 * DIN

I
 + ΣQ

I
 * DON

I
 + ΣQ

I
 * PN

I
	 (3)

where the subscript i represents each one of the nine 
measurements made between 1982 and 1984.

The most problematic terms of equation (2) are the 
import and export N fluxes due to foodstuff and the N 
output fluxes due to denitrification. The denitrification 
is not measured because it is impossible to estimate in 
large areas like the Amazon region. The anthropogenic 
foodstuff fluxes are relatively easy to estimate in country 
level studies. On the other hand, in a region such as the 
Amazon, which encompasses several states, this task is 
more complicated. We propose here to estimate N fluxes 
related to import/export of foodstuff for certain staple 
food items. The main purpose of such estimates is much 
more related to determining the order of magnitude 
of these fluxes in relation to other fluxes of equation 
(2) than to produce an accurate N-food mass balance. 
Filoso et al. (2006) estimated that the N export by forest 
timber from the Amazon region was equal to 0.36 Gg. For 
comparison, we estimated the N export by beef export from 
the Amazon region. Barreto et al. (2008) estimated that 
the Amazon region produced approximately 2.8 million t 
of beef in 2005, and that 12% of this total was consumed 
in the Amazon and the rest exported outside the region. 
Assuming that the average N content in cattle meat is 
6%, we estimated the amount of N exported via beef. 
We assumed that most soybean produced in the Amazon 
is not consumed in the region, but is exported either to 
other regions of the country or abroad. We estimated the 
amount of N exported via soybean by multiplying the 
amount of soybean harvested in Amazon municipalities, 
obtained from the Produção Agrícola Municipal (IBGE, 

2009b), by the average content of nitrogen in the soybean 
assumed to be approximately 5.9% (Figueira, PhD thesis, 
data not published). Alternatively we also estimated the 
N exported via soybean by multiplying the N export of 
200 kg.ha–1 by the area cultivated with soybean in 2009. 
Both estimates produced similar results.

Regarding foodstuff export, using data from the 
Pesquisa de Orçamentos Familiares 2008-2009 (IBGE, 
2009c) it was possible to estimate for the states of the 
Amazon Region (excluding Maranhão) that only 16% of 
the caloric intake of the population is provided by food that 
is not produced in the region; these are: poultry, pork and 
wheat (bread, pasta and flour). Although other important 
products such as rice, beans, and cassava are produced in 
the region, we do not know whether they are produced 
in sufficient amounts to support the population of the 
region. If we assume that this is the case, we can assume 
that the food import to the region is negligible compared 
to the food export due to the beef and soybean exports. 
Obviously, this assumption should be viewed with caution 
and deserves further investigation.

2.3. Sources of uncertainty

There are several sources of uncertainty when a 
nutrient budget survey is conducted in large areas such 
as the Amazon region (Howarth et al., 1996; Boyer et al., 
2002; Filoso et al., 2006). One of the uncertainties is 
the lack of accurate data on biological nitrogen fixation 
in tropical forests (Vitousek et al., 2002). Although 
this process is crucial for the nitrogen cycle, especially 
in tropical forests, very few estimates are available 
(Cleveland et al., 1999). The estimates of F

FBN–A
 are based 

on crop area and biological nitrogen fixation of the crop. 
Although the IBGE and other governmental agencies are 
doing the best they can to estimate land use changes in 
Brazil, estimates of crop area based on census and even on 
remote sensing are subject to several errors. Additionally 
there is interannual variability reflecting markets and 
climatic conditions that cannot be captured in our budget. 
There is much more data available on biological nitrogen 
fixation of commercial plants like soybean than for forests. 
However, these estimates varied widely as a function of 
cultivars, climate and soil conditions. Therefore, the use 
of average estimates as used in this study also does not 
capture the inherent variability that characterizes such 
a process. This is particularly important regarding to N 
fixation in pastures due to the large area that this land cover 
occupies in the Amazon region. In this case, we arbitrarily 
assumed, the lower end of the variability in estimates of 
biological nitrogen fixation due to phosphorus limitation 
and overgrazing; and that only half of the pasture area 
biological nitrogen fixation is taking place (Filoso et al., 
2006). Atmospheric deposition was based on modelling by 
Filoso et al. (2003). This model was not updated for more 
recent years. Although we do believe that atmospheric 
deposition has not changed abruptly in recent years, we 
want to point out that we do not have the most updated 
estimates. The F

FERT
 like F

FBN–A 
depends on the crop area and 
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the same concern raised before also applies to this case. The 
amount of fertilizer applied also varies widely depending 
on cultivars, soil conditions and economic conditions. This 
is especially true in the Amazon region where the cost 
of transportation is higher than the rest of Brazil making 
the cost of fertilizer even more expensive. The amounts 
that we use here are the average amounts established for 
different crops according to several specialists. We believe 
that the doses used in the Amazon region are lower than 
this because the higher costs in this region. Additionally, 
most farmers in Amazonian states seem to use N fertilizer 
infrequently (IBGE, 2006). Therefore, our estimates are 
probably overestimates.

River N exports were estimated with data collected 
between 1982-1984 including sampling in nine different 
periods. Although there is no reason to believe that these 
fluxes have changed, the reality is that these estimates 
were done approximately thirty years ago and should be 
conducted again for an update. Finally, the most problematic 
estimates are those related to import and export of foodstuff 
because of the difficulty in tracking food consumption 
and food imports and exports for a large region inside 
a country. Several assumptions were made (described 
above) in order to have estimates of such fluxes, but as 
mentioned before, these estimates should be viewed as a 
preliminary attempt to understand this complex problem.

3. Results and Discussion

The largest input nitrogen flux was the one associated 
with biological nitrogen fixation occurring in tropical forests 
(FFBN). This flux is responsible for approximately half of 
the sum of the input and output fluxes (Table 2). The F

FBN–A
 

was the second largest input flux and was equivalent to 
30% of the F

FBN
. Soybean was the crop contributing most 

to this flux (Table 1). As there was a substantial increase 
in soybean area in the region in the last decade, the F

FBN–A
 

estimated in this study was more than two times higher the 
F

FBN–A 
estimated by Filoso et al. (2006) who used land use 

data of 2000. Probably due to the same cause, there was a 
significant increase in the F

FERT 
in relation to the estimate 

made by Filoso et al. (2006).
It is important to emphasize that biological nitrogen 

fixation, either in forests or crops, largely dominated 
the N inputs to the regions. Together they contributed 
to 67% of the sum of input and output fluxes (Table 2). 
Although the arable land area increased vigorously in the 
last decade, the F

FERT
 is still low compared to N inputs 

related to biological nitrogen fixation. In part the F
FERT

 
remains relatively low because the most important crop 
in terms of area in the Amazon region is soybean, which 
fixes most of the nitrogen required by this crop (Hungria 
and Vargas, 2000; Alves et al., 2003).

The largest N output flux is F
RIV

, which is comparable 
to F

FBN–A
 (Table 2). The output flux of nitrogen via export of 

foodstuff (F
EXP

), although not complete, was an important 
component of output fluxes. According to our estimates, 
soybean export was by far the most important flux (1.30 Tg N.
yr–1), while N export associated with beef export was a 
minor component (0.15 Tg N.yr–1).

The net nitrogen balance (input-output) was positive 
and equal to 6.01 Tg N.yr–1 (Table 2). The fact that the 
balance was positive indicates that nitrogen is accumulating 
in the basin. However, such balance must be viewed with 
caution because our balance probably underestimated the 
F

EXP
 and yet, more importantly did not estimate nitrogen 

losses through the denitrification process. Therefore, more 
attention should be given to inputs and outputs fluxes than 
to the balance itself.

The Amazon region is progressively being integrated in 
the economy of the country and this process has introduced 
several changes into the region. The nitrogen cycle has also 
been affected by these changes, with several effects now 
being observed. Although the dominant term of the nitrogen 
budget of the Amazon region was the input of new nitrogen 
through the biological fixation of this element in tropical 
forests (Table 2), several changes introduced by human 
related activities have been noticed in the nitrogen cycle.

One of the most important of these changes is the 
addition of new nitrogen in the system by the biological 
fixation on agricultural land especially due to the expansion 
of soybean in the region. Soybean occupied almost 
6.5 million ha in 2009, which is half of the arable land of 
the Amazon region (Figure 3). Approximately 85% of the 
soybean cultivated in the Amazon region is in the State 
of Mato Grosso, the most important producer of soybean 
in the country. More surprising yet is that according to 
the IBGE, there was no soybean before 1975 in this state. 
In 1975, the IBGE recorded only 350 ha of soybean, 
which increased to 1,000 ha in 1977, and then jumped to 
70,000 ha in 1980, soaring to 1.5 million ha in 1990, and 
then continued to surge from approximately 3.0 million ha 
in 2000 to almost 6 million ha in 2009. This vigorous 
expansion of soybean area has introduced new nitrogen 
to the system, growing from near zero in the 1970s up to 

Table 2. Input and output nitrogen fluxes and relative 
contribution in relation to the sum of input and output fluxes.

Inputs Flux (Tg.yr–1) Percent1

F
FBN

7.77 52

F
AEL

0.26 2

F
FBN–A

1.68 15

F
FERT

0.48 3

F
IMP

0.00 0

F
ATM

0.07 0
Total inputs 10.26

Outputs    
F

RIV
2.80 19

F
EXP

1.45 10

F
DESN

Nd
Total outputs 4.25
Net balance 6.01  
1Percent estimated in relation to the sum (14.51) of input 
(10.26) and output fluxes (4.25).
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1.10 Tg N in 2009, which is equivalent to approximately 
65% of the F

FBN–A 
flux in the Amazon.

Inputs from fertilizer use are still incipient in relation 
to other fluxes (Table 2), although there was an expressive 
growth in relation to previous estimates (0.14 Tg.yr–1) 
referring to the beginning of the last decade (Filoso et al., 
2006). This low input is partially because N fertilizer is 
practically not used in soybean, which is the most important 
crop of the region. The second most important crops are 
maize and rice (Table 1). Maize is produced mainly in the 
states Mato Grosso, Pará, and Rondônia (IBGE, 2009d), 
while rice is mainly produced in the states of Mato Grosso, 
Tocantins, Pará and municipalities of Maranhão, which 
fall within the Brazilian Legal Amazon (IBGE, 2009b).

The fact that most of the farmers did not use N fertilizer 
on their land according to the Censo Agropecuário (IBGE, 
2006), coupled with the high cost of transportation, suggests 
that the increase of F

FERT
 will slowly increase in the region.

Finally, the population growth in the region and the 
high degree of urbanization may introduce in the future 
additional changes in the nitrogen cycle in the region. Urban 
zones have a disproportional impact on the nutrient cycles 
despite the small area they occupy (Nardoto et al., in review). 
The fact that most urban transportation relies on vehicles 
running on fossil fuel increases the emission of several 
nitrogen compounds to the atmosphere (Nardoto et al., 
in review). Additionally, cities import most of their food 
from other regions and transform this food into sewage 
(Nardoto et al., in review). Most of the cities in the Amazon 
region do not have sewage-treatment systems: of a total 
of 760 municipalities, only 99 have such a system (IBGE, 
2008). Therefore, most of the sewage is dumped into 
rivers and streams without any treatment. Although this 
is not new nitrogen input to the system since it is part of 
the import-export foodstuff balance, this load of labile 
nitrogen to water bodies of the region may have several 
unintended environmental consequences as we have seen 
in other regions of the country (Daniel et al., 2002).

4. Conclusion

A natural process (biological nitrogen fixation) dominates 
the inputs of new nitrogen to the Amazon system. Most 
of the nitrogen added to the system through this process 
is happening in tropical forests. Therefore, in addition to 
many other economic, social and environmental problems 
caused by deforestation, the continuation of this process 
may in the future seriously jeopardize the capacity of the 
forest to add new reactive N to the system with potential 
serious consequences for the equilibrium of the region.

Another important and continuously increasing addition 
of new N through biological nitrogen fixation is the expansion 
of the soybean cultivation area, an anthropogenic input. 
The fate of this new added N is virtually unknown up to 
the present, and consequences of this new addition should 
be fully evaluated.

Finally, the continuous population growth in the region 
coupled with high rates of urbanization poses another 

threat to the nitrogen cycle of the region, especially the 
cycle of this element in the atmosphere and freshwater.
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