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ABSTRACT

How has agricultural extensification and intensification affected nitrogen cycle in the
Brazilian Cerrado? How will it affect nitrogen cycle in the future? Nitrogen is an essential
element to food production. Little nitrogen indicates low crop productivity and soil
degradation, while too much of it indicates environmental pollution that is detrimental to
environmental health, economic prosperity, and food security. First, we conducted a
spatial assessment of soil nitrogen balance in the Brazilian Cerrado based on land use
dynamics in the years 2000, 2010, and 2012. Second, in order to explore trajectories of
agricultural expansion and estimate soil nitrogen balance for the year 2050, we developed
a spatially explicit modelling approach capable of representing land use change and soil
nitrogen balance for the Cerrado. The trajectories were examined: Sustainability (A);
Middle of the road (B); and Fragmentation (C). First results show a movement toward
soil nitrogen depletion. In 2000 the balance shows a slight nitrogen accumulation (0.07
TgN) to a condition of nitrogen depletion (-0.37 TgN) in 2012. Such results suggests that
agricultural practices in the Cerrado region have been mining soil nitrogen, potentially
affecting soil sustainability. Silviculture, annual crops (e.g soybeans and maize), and
pasture were found to be the main drivers of nitrogen depletion. Second results show
negative soil nitrogen balance in all trajectories: -0.94 TgN (A), -3.19 TgN (B), and -1.69
TgN (C). Only in the sustainability scenario (A), where natural vegetation was maintained
and better agricultural production practices were applied, soil nitrogen was less affected.
Silviculture and pasture continued to be the main drivers of soil nitrogen depletion in all
trajectories. Unless an effective government program of sustainable land management is
implemented, areas of inefficient nitrogen management will expand, compromising
agricultural production and ecosystems services.
Keywords: Soil nitrogen balance. Agri-environmental indicator. Land use change
modelling. Agricultural intensification. Agricultural extensification. Brazilian Cerrado.
Matopiba
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IMPACTOS DAS MUDANÇAS DE USO E COBERTURA DA TERRA NO
BALANÇO DE NITROGÊNIO DO SOLO EM REGIÕES DO CERRADO
BRASILEIRO

RESUMO
Como a extensificação e a intensificação agrícola têm afetado o ciclo do nitrogênio no
Cerrado brasileiro? Como isso afetará o ciclo do nitrogênio no futuro? O nitrogênio é um
elemento essencial para a produção de alimentos. Pouco nitrogênio indica baixa
produtividade e degradação do solo, enquanto seu excesso indica poluição ambiental que
é prejudicial para a saúde ambiental, prosperidade econômica e segurança alimentar. Na
primeira etapa deste estudo, nós realizamos uma avaliação espaço-temporal do balanço
de nitrogênio no solo com base na dinâmica do uso da terra nos anos 2000, 2010 e 2012
para o Cerrado brasileiro. Na segunda etapa, nós desenvolvemos uma abordagem de
modelagem espacialmente explícita capaz de representar mudanças de uso da terra e
mudanças no balanço de nitrogênio no solo. As trajetórias examinadas foram:
sustentabilidade (A); meio do caminho (B); e fragmentação e caos (C). Os primeiros
resultados mostram um movimento em direção à depleção de nitrogênio no solo. Em 2000
o balanço mostra um leve acúmulo de nitrogênio no solo (0,07 TgN) para uma condição
de depleção em 2012 (-0,37 TgN). Estes resultados sugerem que as práticas agrícolas na
região do Cerrado têm minerado o nitrogênio do solo, potencialmente afetando a
sustentabilidade do solo. Silvicultura, culturas anuais (por exemplo, soja e milho) e
pastagens têm sido os principais condutores da depleção de nitrogênio do solo. Os
segundos resultados mostram que os balanços de nitrogênio no solo foram negativos em
todas as trajetórias: -0,94 TgN (A), -3,19 TgN (B), and -1,69 TgN (C). Somente no
cenário sustentabilidade (A), onde a vegetação natural foi mantida e melhores práticas de
produção agrícola foram aplicadas, o nitrogênio do solo foi menos afetado. Silvicultura e
pastagens continuaram a ser os principais condutores da depleção de nitrogênio no solo
em todas as trajetórias. A menos que um programa governamental eficaz de manejo
sustentável da terra seja implementado, áreas de ineficiente gerenciamento de nitrogênio
irão se expandir, comprometendo a produção agrícola e os serviços ecossistêmicos.
Palavras-chave: Balanço de nitrogênio no solo. Indicador agro-ambiental. Modelagem
das mudanças de uso da terra. Intensificação agrícola. Extensificação agrícola. Cerrado
brasileiro. Matopiba.
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CHAPTER

1

-

GENERAL

INTRODUCTION,

THESIS

OUTLINE,

HYPHOTESIS, RESEARCH QUESTIONS AND STUDY AREA
1.1 INTRODUCTION
At present, multiple challenges are posed to many countries in the search for sustainable
agriculture development (UNITED NATIONS, 2013). The central question is how to
provide food and biofuels to a growing population that will reach 9 billion in 2050,
without straining ecosystems (FAO, 2009). Nearly all of this population growth will occur
in developing countries (FAO, 2009). Thus, in meeting future demand for agricultural
products, they will face growing pressure on finite and already scarce agricultural
resources, such as land, soil, water, and nutrient elements (EU NITROGEN EXPERT
PANEL, 2015; FAO, 2009).
Brazil has become a hotspot of agricultural production. Currently in second place as
global supplier of food and agricultural products, the country is poised to take the
leadership when responding to additional global demand (OECD/FAO, 2015). Such good
performance has been credited to production expansion into the Brazilian savanna
(Cerrado) (RADA, 2013). The Cerrado is responsible for 70% of Brazilian agricultural
production (WICKRAMASINGHE, 2012), which accounts for 95% of the total cotton,
54% of soybeans, 55% of beef, and 43% of the sugarcane produced in Brazil (IBGE,
2010a). It also plays an important role in bioenergy production from sugarcane and
eucalyptus planted forests (LEITE et al., 2009; BALCOMBE & RAPSOMANILIS,
2008). However, in striving to meet the higher demand for agricultural products, the
Cerrado has lost 46% (95 Mha) of its native vegetation cover (BRASIL, 2015). Of the
remaining natural vegetation, 88.4% is suitable for growing soybeans, and 68.7% for
sugarcane, crops whose demand is predicted to rise markedly in the coming decades
(STRASSBURG et al., 2017).
A sustainable landscape management foresees that agricultural activities and
environmental conservation are in harmony with the provision of ecosystem services
(SAYER et al., 2013). The increase in agricultural production and productivity observed
in the Cerrado should take into account the status of land use (BINDRABAN et al., 2000).
Ideally, indicators on the status of land use should integrate several components of the
landscape. Nitrogen flow and its management are seen as an integrative indicator of
1

production efficiency and environmental risks, or benefits. Nitrogen excess indicates
potential environmental problems such as eutrophication of freshwater and estuarine
ecosystems, groundwater contamination, soil degradation and air pollution. A deficit
indicates decline in soil fertility and poses a risk to the sustainability of agriculture
(ZHANG et al., 2015; GALLOWAY et al., 2008). Thus, nitrogen is a useful indicator of
progress toward a sustainable landscape when limits associated with its excess and
insufficiency are known (EU NITROGEN EXPERT PANEL, 2015; KANTER et al.,
2016).
It is possible to investigate how sustainable agricultural systems in the Brazilian Cerrado
are by using nitrogen as an integrative indicator of the land use status and environment
risks or benefits. Furthermore, this line of research allows us to explore future pathways,
pottentially enhancing agricultural production and land yield, and using natural resources
in a sustainable way. Quite a few studies have focused on how agriculture has affected
biodiversity (STRASSBURG et al., 2017; RATTER et al., 1997; MYERS et al., 2000),
water resources (COSTA et al., 2003; FERREIRA et al., 2011), and carbon emissions
(BUSTAMANTE & FERREIRA, 2010). However, there is a scientific gap on the role of
agricultural extensification and intensification on nitrogen cycle in the Cerrado biome.
The construction of a spatially explicit soil nitrogen balance for agricultural sector will
make it possible to identify the large imbalances between nitrogen inputs and outputs at
local and regional scales, as well as the opportunities for policy intervention and resource
optimization.
This thesis is divided in 5 chapters. Chapter 1 includes objective, hypothesis, research
questions, main results, and study area. Chapter 2 presents estimates of annual soil loss
rates for the Brazilian Cerrado in the years 2000, 2010, and 2012. Such estimates were
used in Chapter 3 and 4 to estimate nitrogen outputs by erosion processes (OUT ero).
Chapter 3 includes the results of spatially explicity soil nitrogen balance performed in
2000, 2010, and 2012. Chapter 4 presents trajectories of land use and soil nitrogen
balance for the year 2050 and Chapter 5 presents conclusion and recommendations.
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1.2 OBJECTIVE
The main objective of this study was to perform spatio-temporal soil nitrogen balances
for the Brazilian Cerrado based on land use dynamics in the years 2000, 2010, and 2012.
In addition, we aimed to explore trajectories of land use change and soil nitrogen balance
for the year 2050 using techniques of dynamic spatial modeling.
The working hypothesis is that agricultural expansion and intensification in the Brazilian
Cerrado may not be significantly affecting the nitrogen balance in that region at the
moment, but may become a disruptive force in the future.
1.3 RESEARCH QUESTIONS
1. How has agricultural intensification and extensification affected nitrogen cycle in
the Brazilian Cerrado?
In Chapter 3, we conducted a spatial assessment of nitrogen fluxes in agricultural regions
of the Brazilian Cerrado. Little nitrogen indicates low crop productivity and soil
degradation, while too much of it indicates environmental pollution. Results show
increasingly negative soil nitrogen balances in the Brazilian Cerrado. In 2000 the balance
shows a slight nitrogen accumulation (0.07 TgN) to a condition of nitrogen depletion (0.37 TgN) in 2012. These number suggest that agricultural practices in the Cerrado are
mining soil nitrogen, affecting soil sustainability. Silviculture, annual crops, and pasture
are the most important drivers of soil nitrogen depletion, with harvested products and
erosion as main nitrogen outputs. Figure 1.1 shows spatio-temporal variation of soil
nitrogen balances.
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Figure 1.1 - Espatially explicit soil nitrogen balance for Brazilian Cerrado in the years
2000, 2010 and 2012.

Source: author’s production.
2. How will agricultural extensification and intensification affect future nitrogen
cycle in the Brazilian Cerrado?
In Chapter 4, we explored three trajectories of agricultural expansion and soil nitrogen
balance for 2050 in the Brazilian Cerrado: Sustainability (A); Middle of the road (B); and
Fragmentation (C). Results show negative soil nitrogen balance in all trajectories: -0.94
TgN (A), -3.19 TgN (B), and -1.69 TgN (C). Only in the sustainability scenario (A),
where natural vegetation was maintained and better agricultural practices were applied,
soil nitrogen was less affected. Silviculture and pasture are the drivers of soil nitrogen
depletion, with harvested products and erosion as main nitrogen outputs. Figure 1.2 shows
the spatially explicit soil nitrogen balance for the A, B, and C trajectories.
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Figure 1.2 - Spatially explicit soil nitrogen balance simulated for the Brazilian Cerrado in
the year 2050. (A) Sustainability scenario (A); (B) Middle of the road scenario (B); and
(C) Fragmentation scenario (C).

Source: author’s production.

1.4 STUDY AREA
The Cerrado encompasses approximately 2 million km2 of the Brazilian Central Plateau
(24% of the country`s total area), and it is in transition with the Amazon Rainforest,
Caatinga, Pantanal and Atlantic Forest (SANO et al., 2008). It supplies nearly 70% of the
water that flows north to the Araguaia-Tocantins basin, south-southeast to the Paraná
basin, and northeast to the São Francisco basin, the three largest hydrographic basins in
South America (FELFILI & SILVA JUNIOR, 2005; LAHSEN et al. 2016). The Cerrado
is considered one of the richest and most diverse savanna in the world (LEWINSOHN &
PRADO, 2005), it is one of the 35 global biodiversity hotspots (MYERS et al. 2000;
MITTERMEIER et al., 2005) due to the high level of endemism and rapid habitat loss
caused by fire regimes and agricultural expansion (BUSTAMANTE et al. 2012).
Main vegetation types in the Cerrado are grassland (campo limpo), grassland with
scattered trees (campo sujo), savanna (cerrado, strict sense), and woodland (cerradão)
(EITEN, 1972). In terms of diversity, the biome houses 12,000 species of angiosperms
(MENDONÇA et al., 2008) and is highly diverse in leguminous species (MEDINA,
1993), many of them endemic to the region (SPRENT, 2009). These leguminous species
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are highly nodulated and show evidence of effective nodules fixing nitrogen biologically
(SPRENT, 2009). The fauna is also rich, with about 159 species of mammals (23
endemic), 837 species of birds (29 endemic), 180 reptile species (20 endemic) and 113
amphibian species (32 endemic) (MYERS et al. 2000).
The climate is characterized by distinctly wet and dry seasons of relatively equal duration,
with annual precipitation ranging from 800 to 1.800mm. Almost all of it (>90%) falls
during the rainy season, between October and April (EITEN, 1972). The average annual
temperature varies from 20 to 26°C (BUSTAMANTE et al., 2012). Soil types are
predominantly Ferralsols (~41%), Arenosols (~15%), Acrisols (~12%), and Plinthosols
(~10%) (SANTOS et al., 2011), all of which are highly weathered with low organic matter
and nutrient contents, especially nitrogen and phosphorus (MEDINA et al., 1993). The
availability of soil nutrients varies over the vegetation types. In general, it tends to be
higher in woodlands than in grasslands. High levels of oxides and aluminum hydroxides
are also present in all soil types. They can be acidic, deep and very well drained (SANO
et al., 2008). The relief is mostly flat with gentle hill areas (VALERIANO, 2009).
Fire is a factor of paramount ecological importance in natural vegetation regions. It
influences the cycle of nutrients and affects the dynamics of vegetation, mainly the
herbaceous/woody biomass ratio (COUTINHO, 2002; MIRANDA et al., 2002;
NARDOTO et al., 2003; BUSTAMANTE et al. 2012). As fire frequency increases,
herbaceous/woody biomass ratio tends to increase, and vegetation physiognomy changes
to a more open form. Simultaneously, the release and availability of nutrients is enhanced
(COUTINHO, 2002; MIRANDA et al., 2002). Paleontological studies indicate the
occurrence of burnings in the region before the presence of man (SALGADOLABOURIAU et al., 1994). In general, the Cerrado is characterized by for four factors:
1) periods of low water availability; 2) highly weathered soils with low nutrient
availability; 3) soil that are high in oxides and aluminum hydroxides; and 4) high
frequency of fires in natural vegetation regions (MEDINA, 1993; COUTINHO, 2002;
BUSTAMANTE et al., 2004).
Since the 1970’s, Brazilian governmental programs have incouraged the occupation and
economic development of the country’s central region, leading to the intensification of
land use change in the Cerrado (FERREIRA et al., 2013). Consequently, until 2013, 46%
(95 Mha) of the biome’s native vegetation cover had been deforested and turned into
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pasture and mechanized agriculture areas (BRASIL, 2015). As a result, Cerrado’s
present-day condition are nothing short of tragic. By some estimates, only 20% of the
region remains undisturbed and a mere 8% is preserved in protected areas. To make
matters worse, the biome that suffers the most anthropic pressure in Brazil (ICMBIO,
2017; STRASSBURG et al., 2017; SILVA & BATES, 2002) is now home to the newest
Brazilian agricultural frontier, named MATOPIBA (Acronym from the first two letters
of Maranhão (MA), Tocantins (TO), Piauí (PI) and Bahia (BA) states). This most recent
frontier has been characterized by rapid changes in land-cover and land-use for
agricultural expansion (DIAS et al., 2016). During the 2005-2014 period, for example,
the area used for soy crops in MATOPIBA increased by 86%, as the increase at the
national level was of 29% (CONAB, 2016; LAHSEN et al., 2016). Figure 1.3 shows the
political division of the Brazilian Cerrado (States) and its newest agricultural frontier, the
MATOPIBA.

Figure 1.3 Location of the study area. Brazilian Cerrado encompasses totally or partially
the states of Bahia (BA), Goiás (GO), Maranhão (MA), Minas Gerais (MG), Mato Grosso
do Sul (MS), Mato Grosso (MT), Piauí (PI), Paraná (PR), São Paulo (SP) and Tocantins
(TO).

Source: Author’s production.
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CHAPTER 2 - ESTIMATES OF ANNUAL SOIL LOSS RATES IN THE
BRAZILIAN CERRADO
2.1 INTRODUCTION1
Soil erosion is a serious environmental problem that has adversely affected food
production throughout the world by reduction of land productivity and water availability
(PIMENTEL et al., 1987). Erosion is a natural geomorphic process that results from
topsoil removal by wind and water (GARES et al., 1994), and can be influenced by
several factors such as climate variables, slope steepness, soil physical parameters,
vegetation and land use patterns (PIMENTEL et al., 1995). Moreover, erosion processes
may be intensified by human intervention through inappropriate land use and land cover
changes. Severe soil erosion has occurred in the world's major agricultural regions and
worsened with growing agricultural activities in forest fringe areas (PIMENTEL et al.,
1987). Agricultural extensification and intensification that did not take into account the
bearing capacity of soils have accelerated the erosion processes in some tropical regions
(GRECCHI et al., 2014). World food projections have pointed out that these areas are
particularly important in the global agricultural scenario as potential sites of farmland
expansion that will ensure food security to an additional 2.3 billion people by 2050
(RADA, 2013; TILMAN et al., 2011; ALEXANDRATOS & BRUINSMA, 2012).
Nonetheless, many of these regions have been classified as hotspots of land degradation
due to water erosion (SCHERR & YADAV, 1996).
Brazil has become the second-largest exporter of agricultural products in the world,
particularly due to production expansion into soils of its tropical savanna, known as
Cerrado (RADA, 2013). Between 2009 and 2010, the Cerrado accounted for 70% of
Brazil’s food production (WICKRAMASINGHE et al., 2012) growing 95% of its cotton,
54% of soybeans, 55% of meat and 43% of its sugarcane (IBGE, 2010a). It is the
country’s most important agricultural region and has been considered one of the world's
great breadbaskets (THE ECONOMIST, 2010). However, due to landscape fragility and

1

This chapter is an adapted version of the paper:
GOMES, L.; SIMOES, S.J.C.; FORTI, M.C.; OMETTO, J.P.H.B.; DALLA-NORA, E.L. Using
geotechnology to estimate annual soil loss rate in the Brazilian Cerrado. Journal of Geographic
Information System, v.9, p. 420-439, 2017.
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climatic characteristics, the Cerrado is highly susceptible to water erosion (MACEDO,
1994). Agricultural expansion may be leading to severe arable land erosion, and causing
different environmental problems and loss of biodiversity (SCHERR & YADAV, 1996).
Therefore, if Brazil is to contribute 40% of the global food demand by 2050 (OECD/FAO,
2015), it is imperative that soil erosion in the Cerrado receives close attention.
Quantitative soil erosion data and its spatial distribution are essential to a successful
erosion assessment in a fragile landscape. From these data, it is possible to design and
implement an appropriate erosion control and conservation measures that will have a
great impact on soil loss reduction and water conservation (SHI et al., 2014). There are
different methods to assess quantitative soil erosion (MERRITT et al., 2003). Universal
Soil Loss Equation (USLE) (WISCHMEIER & SMITH, 1978) and Revised Universal
Soil Loss Equation (RUSLE) (RENARD et al., 1997) are the most frequently applied.
Their advantages are simplicity, effectiveness of the equations, and success in predicting
long term average annual soil loss with acceptable accuracy (ZHANG et al., 2013).
USLE and RUSLE models were originally used for local conservation planning. Their
factors were usually calculated from field measurements (WISCHMEIER & SMITH,
1978). Due to limitations in terms of cost, representativeness, and reliability of the results
data, soil loss quantification based on erosion plots cannot provide the spatial
deistribution of soil erosion in large and difficult access areas, as are several areas in
Brazil (LU et al., 2004; OLIVEIRA et al., 2011). However, when assessment of soil
erosion is integrated with a Geographical Information System (GIS) environment, it is
possible to estimate soil erosion and its spatial distribution with reasonable time, cost, as
well as with improved accuracy in large areas (LU et al., 2004). This integration has been
widely used, especially in developing countries, such as Brazil, India, and Turkey (LU et
al., 2004; OLIVEIRA et al., 2011; BESKOW et al., 2009; PARVEEN et al., 2012;
ERDOGAN et al., 2007). Thus, the main objective of this study is to estimate the spatial
distribution of annual soil loss rate using the RUSLE model integrated into a GIS. Also,
we aim to investigate how farmland and silviculture are related to soil loss in the most
important agriculture region in the country. Most frequently, studies estimate annual soil
loss rate in small regions (BESKOW et al., 2009; FARINASSO et al., 2006;
TRABAQUINI et al., 2012). Here, we present a spatial distribution of annual soil loss
rate for the entire Brazilian Cerrado. Reference years were 2000, 2010, and 2012.
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2.2 MATERIAL AND METHODS
Data acquisition and processing
All input data for the RUSLE model were stored, analyzed, and visualized within the
ArcGIS® environment (version 10.3). The GIS database was georeferenced using World
Polyconic projection and SAD 69 (South American Datum 1969). The full database
(vector and raster formats) includes the following:
1) Erosivity Map (approximated scale of 1:5,000,000) obtained from (OLIVEIRA et al.,
2012);
2) Soil Map from EMBRAPA (Brazilian Agriculture Research Corporation) at the scale
of 1:5,000,000 (SANTOS et al., 2011);
3) Digital Elevation Model (DEM) generated from TOPODATA database provided by
INPE (Brazilian Institute for Space Research) with spatial resolution of 30m from SRTM
data produced originally by NASA originally (VALERIANO et al., 2008);
4) 2000, 2010, and 2012 Land Use and Cover Maps produced by IBGE (Brazilian
Institute for Geography and Statistics) at the scale of 1:5,000,000 (IBGE, 2015). This
map has fourteen different land use and land cover units, which were reclassified in order
to represent the classes of interest that follows:
a) Agriculture class - agriculture areas, mosaic of agricultural areas with remaining forest,
mosaic of forest vegetation with agricultural areas, and mosaic of grassland with
agricultural areas;
b) Pasture - planted and managed pastureland (e.g. cattle-ranching);
c) Silviculture - planted and managed forests with exotic species (e.g. eucalyptus, pines);
d) Natural vegetation - natural vegetation (e.g. forest vegetation, grassland, wetland);
e) Others - artificial areas (e.g. urbanized zones, road systems, non-agricultural systems),
continental water bodies, coastal water bodies, and uncovered lands (e.g. rocks outcrops
and sand dunes).
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In order to separate agricultural areas from forest vegetation and grassland, the
Agriculture unit was split into three classes: annual (grains), semi-perennial (sugarcane),
and perennial (coffee and citrus). For that purpose, the Agriculture unit was multiplied by
spatially explicit data of grains (CONAB, 2011a), sugarcane (RUDORFF et al., 2010),
coffee and citrus (MOREIRA et al., 2010). As a result, it was obtained Annual, Semiperennial and Perennial agricultural units were obtained, as residues were reclassified as
Natural vegetation. The resulting map comprises seven land-use units: Pasture, Natural
vegetation, Silviculture, Annual crops, Semi perennial crops, Perennial crops and Others.
RUSLE model
Estimations of soil loss and its spatial distribution were obtained using the RUSLE model
integrated into a GIS. RUSLE is an empirical mathematical model developed from USLE
to estimate soil erosion water (RENARD et al., 1997). As it predecessor, it cannot
estimate sediment deposition on the slope (ZHANG et al., 1995). And is only able to
reach an estimate of the average annual soil loss caused by rill and interril erosion
(KINNEL, 2010). These estimates signal the intensity of the erosion processes. The
model is a product of five factors, according to Equation 1:
𝐴 = 𝑅 × 𝐾 × 𝐿𝑆 × 𝐶 × 𝑃

2.1

where A is the annual average soil loss per unit of area (t.ha-1.yr-1), R is the rainfall-runoff
erosivity factor (MJ.mm.ha-1.h-1.yr-1), k is the soil erodibility factor (t.h.MJ-1.mm-1), LS
is the slope length and slope steepness factor (dimensionless), C is the crop management
factor (dimensionless), and P is the erosion control practice factor (dimensionless).
Integrated into a GIS, soil erosion loss was calculated on a cell-by-cell basis in order to
recognize the spatial patterns of soil loss. Thus, each factor was calculated taking grid
cells of 94 m x 94 m as reference and, an uniform spatial analysis environment for GIS
modeling was established (BESKOW et al., 2009). Spatial distribution of soil erosion loss
was produced by multiplying all factor layers and creating a final map. The
methodological approach followed in RUSLE is detailed in the simplified flowchart
depicted in Figure 2.1.
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Figure 2.1 Flowchart of the methodology applied to estimate averaged rate of soil loss
and its spatial distribution for the Brazilian Cerrado using the RUSLE model integrated
into a GIS.

Source: Author’s production.
Rainfall-Runoff erosivity factor (R)
The erosivity factor (R) represents the erosive power of precipitation on a given soil,
regolith or other weathered material. Precipitation is the driving force of erosion and has
direct effects on different phases of erosional processes including the detachment of soils
particles, the breakdown of aggregates and the transport of eroded material by runoff. The
R-factor is the kinetic energy of raindrops that fall onto the ground and is affected by
rainfall intensity and raindrop size (WISCHMEIER & SMITH, 1978). Figure 2.2 shows
rainfall-runoff erosivity factor map.
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Figure 2.2 Rainfall-runoff erosivity fator (R) map of the study area. Brazilian Cerrado
states are: Bahia (BA), Goiás (GO), Maranhão (MA), Minas Gerais (MG), Mato Grosso
do Sul (MS), Mato Grosso (MT), Piauí (PI), Paraná (PR), São Paulo (SP) and Tocantins
(TO).

Source: adapted from Oliveira et al. (2012).
Erodibility factor (K)
The soil erodibility factor (K) is a property that depends upon two factors; the first o f
them is the infiltration capacity to resist detachment and avoid its transportation by
rainfall and the second is the runoff process (WISCHMEIER & MANNERING, 1969).
Therefore, K values reflect the rate of soil loss per rainfall-runnoff erosivity (R) for a
specific soil (RENARD et al., 1997). The K-factor varies from zero to one, where zero
refers to soils with little susceptibility to water erosion and one refers to soils highly
susceptible (FARHAN & NAWAISEH, 2015). The K-factor map was based on soil
map and erodibility values published from several studies conducted in different areas
of Brazil for the same soil types. K values for each soil type of the Brazilian Cerrado
are shown in Table 2.1.
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Table 2.1. Soil classification in the Brazilian Cerrado and soil erodibility (K) values and
their respective sources.
No.

Brazilian
Classification

FAO (1974)
Classification

Area
(%)

K (t.h.MJ-1.mm-1)

Source

1

Latosol

Ferralsols

40.61

0.010 – 0.028

Demarchi & Zimback,
(2014); Farinasso et al.
(2006); Mannigel et al.
(2002); Cabral et al. (2005)

2

Quartzarenic
Neosols

Arenosols

14.38

0.046 – 0.056

Farinasso et al. (2006);
Castro et al. (2011)

3

Argisols

Acrisols

11.90

0.031 – 0.055

Farinasso et al. (2006);
Demarchi & Zimback,
(2014); Castro et al. (2011)

4

Plinthosols

Plintosols

10.21

0.012 – 0.055

Cabral et al. (2005);
Farinasso et al. (2006)

5

Cambisols

Cambisols

9.37

0.036 – 0.043

Silva et al. (2009);
Farinasso et al. (2006);
Mannigel et al. (2002)

6

Litholic
Neosols

Leptosols

8.03

0.036 – 0.050

Farinasso et al. (2006);
Cabral et al. (2005)

7

Gleysols

Gleysols

1.63

0.001

Cabral et al. (2005)

8

Planosols

Haplics

0.80

0.057

Farinasso et al. (2006)

9

Regolithic
Neosols

Regosols

0.61

0.050

Cabral et al. (2005)

10

Chernosols

Chernozems

0.58

0.030

Silva & Alvares (2005)

11

Fluvic
Neosols

Fluvisols

0.56

0.046

Cabral et al. (2005)

12

Luvisols

Luvisols

0.40

0.150

Mannigel et al. (2002)

13

Nitosols

Nitisols

0.27

0.011

Farinasso et al. (2006)

14

Vertisols

Vertisols

0.08

0.040

Ahmad & Mermut (1996)

15

Organosols

Histosols

0.01

0.061

Silva & Alvares (2005)

16

Othersa

Others

0.56

-

-
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Topographic factor (LS)
The topographic factor represents the influence of the relief on the erosion process
(RENARD et al., 1997). The LS-factor depends on slope steepness (S) and slope length
(L), assuming slopes show uniform profiles. In general, soil erosion increases with slope
steepness when runoff flow velocity is higher. It also increases with slope length when
runoff in downslope accumulates (WISCHMEIER & SMITH, 1978; FARHAN &
NAWAISEH, 2015). Maximum slope length is seldom longer than 600 ft or shorter than
15-20 ft (BROOKS et al., 2003). Both were obtained from the Digital Elevation Model
(DEM) by applying different approaches and methods (DESMET & GROVERS, 1996;
BESKOW et al., 2009). This study was based on Desmet and Grovers (1996), where the
L-factor was calculated from the upslope contributing area of each cell, as show in
Equation 2:
𝐿𝑖, 𝑗 =

[(𝐴𝑖,𝑗−𝑖𝑛 +𝐷2 )𝑚+1 −(𝐴𝑖,𝑗−𝑖𝑛)𝑚+1 ]

2.2

[𝐷 𝑚+2 × 𝑥𝑖,𝑗 𝑚 ×(22,13)𝑚 ]

where Li,j is the slope length factor for the grid cell with coordinates (i,j); Ai,j-in is the
contributing area at the inlet of the grid cell with coordinates (i,j) (m2); D is the grid cell
size (m); m is a dimensionless exponent that depends on slope steepness (S); xi,j is flow
direction value for the grid cell with coordinate (i,j). The exponent m was calculated
according to [17], where S < 1%, m = 0.2; 1% ≤ S ≤ 3%, m = 0.3; 3% < S ≤ 5%, m = 0.4;
e S > 5%, m = 0.5.
The S factor was calculated based on (MCCOOL et al., 1987), as shown in Equations 3
and 4:
𝑆 = 10.8 × sin 𝜃 + 0.03 𝑓𝑜𝑟 𝑠𝑙𝑜𝑝𝑒𝑠 < 9%

2.3

𝑆 = 16.8 × sin 𝜃 − 0.50 𝑓𝑜𝑟 𝑠𝑙𝑜𝑝𝑒𝑠 ≥ 9%

2.4

where θ is the slope angle (°). Slope steepness was divided into six categories based on
(RAMALHO FILHO & BEEK, 1995) as shown in Table 2.2.
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Table 2.2 Slope steepness categories for the Brazilian Cerrado.
Categories (%)

Relief Classification

Area (%)

0–3

Flat Reliefs

89.98

3–8

Gentle Hillslope

8.88

8 – 13

Moderate to Gentle Hillslope

0.99

13 – 20

Strongly Undulating Relief

0.14

20 – 45

Mountain with Steep Hillslope

0.01

45 – 100

Ridge Escarpments

0.00

Source: adapted from Ramalho & Filho (1995).
Cover and management factor (C)
The cover and management factor (C) integrates several factors that affect erosion,
including vegetative cover, plant litter, soil surface and land management
(WISCHMEIER & SMITH, 1978; RENARD et al., 1997). It is the most important factor
in RUSLE, after topography, since it represents the conditions that can be easily changed
to reduce overland flow and soil erosion (BESKOW

et al., 2009; FARHAN &

NAWAISEH, 2015]. Even though it is treated as an independent variable in the equation,
the C factor depends upon others. It varies from nearly zero, in case there is good erosion
protection, to one, when protection is poor (GASNARI & RAMESH, 2016). As
mentioned before, this work took into account seven land use classes in the Brazilian
Cerrado: Pasture, Natural vegetation, Silviculture, Annual crops, Semi perennial crops,
Perennial crops and Others. The C-factor values that were extracted from literature and
percentage of each land use area are presented in Table 2.3.
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Table 2.3 Values of the cover management factor (C) for each land use cover class in the
Brazilian Cerrado.
No.

Land use

Area (%)

Area (%)

Area (%)

2000

2010

2012

C

Source

1

Pasture

36.79

41.20

40.76

0.05

Galdino (2012); Peron
& Evangelista (2003)

2

Natural
Vegetation

55.36

47.84

47.31

0.01

Oliveira et al. (2015)

3

Silviculture

0.80

0.92

0.91

0.12 Silva et al. (2014);
Silva et al. (2016)

4

Annual crops

4,75

6.73

7.34

0.08

Bertol et al. (2001);
Bertol (2002)

5

Semi-perennial
crops

0.88

1.72

2.05

0.31

Weill (1999)

6

Perennial crops

0.32

0.43

0.47

0.11

Prochnow et al. (2005)

7

Others

1.09

1.16

1.16

0.00

-

Supporting practice factor (P)
The erosion control practice (P) reffers the relationship between soil loss with a specific
support practice and the corresponding loss with up-downslope cultivation (PANDEY et
al., 2007). The P-factor varies according to soil conservation practices, therefore having
a strong influence on soil loss (BESKOW et al., 2009). Practices characterized by P
include strip-cropping and terraces, and are not applied to most forested regions. Since
the soil conservation practices for each system are not known for the whole of the
Brazilian Cerrado, where about 880,000 km2 are occupied by farmlands, P-factor values
were determined as in Oliveira et al., 2007, where they are calculated based on slope angle
(α). Thus, the values found for P were 0.6 for 0≤ α ≤5%, 0.69947-0.08991 α + 0.01184
α2 – 0.00035 α3 for 5 %< α ≤20 % and 1.0 for α >20 %.
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2.3 RESULTS AND DISCUSSION
The spatial distribution of all RUSLE’s factors (K, C, LS and P) is shown in Figure 2.3,
2.4, 2.5 and 2.6, respectively. The different soil types produced a large spatial variability
(Figure 2.3), with a higher than 0.03 t.h.MJ-1.mm-1 (Table 2.1) K-factor in 56.35% of total
area. These results indicate that over half of the soils in the Cerrado are very susceptible
to water erosion (BESKOW et al., 2009). Arenosols, Acrisols, Plintosols, Cambisols and
Leptosols are soils with higher potential for erosion, given their large amount of particles
(sand and silt) that are easily detached and carried away. One the other hand, soils with
low susceptibility to water erosion account for 43.09% of the total area. These are the
Ferralsols, Gleysols, Chernosols and Nitisols, whose lower erodibility is credited to
higher relative content of clay and organic matter. In spite of large spatial variability show
by the K-factor, it is possible to observe where the areas most susceptible to erosion are
concentrated, comprising the states of Maranhão (MA), Piauí (PI), Bahia (BA) and part
of Tocantins (TO) (Figure 2.3). The soil fragility to erosion in these parts of the Cerrado
shows how important effective land management practices are. This is a crucial point,
since the largest changes in land-use and land-cover in Brazil have been occurring
precisely in the MATOPIBA region, where there is a predominance of soils that are prone
to higher erosion rates.
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Figure 2.3 Soil erodibility factor (K) map of the study area. Brazilian Cerrado states are:
Bahia (BA), Goiás (GO), Maranhão (MA), Minas Gerais (MG), Mato Grosso do Sul
(MS), Mato Grosso (MT), Piauí (PI), Paraná (PR), São Paulo (SP) and Tocantins (TO).

Source: Author’s production.
The LS-factor is very important in RUSLE since topography affects runoff characteristics
and sediment transport (PANDEY et al., 2007). Table 2.4 shows the area distribution of
each LS-factor intervals. About 93% of total Cerrado area presents LS values above 5,
which refers to moderate vulnerability to water erosion (BESKOW et al., 2009), while
only 2.69% of its total area presents LS-factors greater than 10, indicating high
vulnerability to water erosion (BESKOW et al., 2009). Figure 2.4 shows spatial
distribution of LS-factors; the highest values are concentrated in regions with undulating
and strongly undulating topography, where runoff flow velocities are higher, especially
in Goiás (GO), Minas Gerais (MG), and Mato Grosso (MT) states.
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Table 2.4 Categories of the topographic factor (LS) for the Brazilian Cerrado.
No.

Categories

Area (%)

1

0–1

69.73

2

1–2

13.14

3

2–5

10.49

4

5 – 10

3.95

5

10 – 15

1.21

6

>15

1.48

Figure 2.4 Soil topographic factor (LS) map of the study area. Brazilian Cerrado states
are: Bahia (BA), Goiás (GO), Maranhão (MA), Minas Gerais (MG), Mato Grosso do Sul
(MS), Mato Grosso (MT), Piauí (PI), Paraná (PR), São Paulo (SP) and Tocantins (TO).

Source: Author’s production.
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The C-factor corresponding to Crop/Vegetation and Management Factor ranged from 0
(zero) to 0.3066 (Figure 2.5). As mentioned before, values closer to zero are indicative of
very well protected soils; in contrast, values closer to one indicate very poor protection
(DESMET & GROVERS, 1996). The highest C-factor values (~0.30) for the Brazilian
Cerrado were associated with semi-perennial crops. These systems are located mostly in
the states of São Paulo (SP), Minas Gerais (MG), Mato Grosso do Sul (MS) and Goiás
(GO) (Figure 2.5). Areas with C-factors of 0.10 are also found in Minas Gerais, Mato
Grosso do Sul, and São Paulo states, occupied by silviculture and perennial crops. In
general, conventional tillage, with plowing and disking, is adopted in most agricultural
systems in Brazil, facilitating erosion processes (IBGE, 2006). Annual crops have a lower
C-factor value (0.08) because over 50% of their area is managed by conservation tillage
practices, which significantly decrease soil losses (FREITAS & LANDRES, 2014). With
regard to pasture, it was estimated, from experimental data, C-factor values of 0.061 and
0.007 for highly degraded and not degraded pastures, respectively (GALDINO, 2012).
Assuming that approximately 80% of Cerrado’s pasture has already endured some degree
of degradation (PERON & EVANGELISTA, 2003), we adopted a C-factor value of 0.05
for all pasture area. Vast areas with C-factors between 0.08 and 0.05 are visible in all
states covered by the Cerrado (Figure 2.5). Natural vegetation has the lowest C-factor
values, indicating very good soil protection; most of these lands are in the MATOPIBA
region, North of Cerrado biome.
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Figure 2.5 Soil cover and management factor (C) map of the study area. Brazilian Cerrado
states are: Bahia (BA), Goiás (GO), Maranhão (MA), Minas Gerais (MG), Mato Grosso
do Sul (MS), Mato Grosso (MT), Piauí (PI), Paraná (PR), São Paulo (SP) and Tocantins
(TO).

Source: author’s production.
The P-factor varies according to soil conservation practices. In this study, P-factors were
based on slope values to define conservation practices and varied from 0.6 to 1 (Figure
2.6). Values closer to 0.6 indicate more efficient conservation practices, and those closer
to 1 indicates less appropriate conservation practices. In general, P-factor values were
closer to 1 in most steep areas (undulating and strongly undulating relief).
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Figure 2.6 Soil supporting practice factor (P) map of the study area. Brazilian Cerrado
states are: Bahia (BA), Goiás (GO), Maranhão (MA), Minas Gerais (MG), Mato Grosso
do Sul (MS), Mato Grosso (MT), Piauí (PI), Paraná (PR), São Paulo (SP) and Tocantins
(TO).

Source: Author’s production.
The Revised Universal Soil Loss Equation was originally used for estimating average
annual soil loss based on sample plot data (WISCHMEIER & SMITH, 1978; LU et al.,
2004). With a integration of RUSLE and GIS, soil loss rates were quantified in a spatially
explicit approach. Also, interpretative maps, as well as a final map of average annual soil
loss, were produced based on 2000, 2010 and 2012 land-use maps for the Brazilian
Cerrado. The use of GIS made it possible to manage and analyse data from different
formats, qualities, projections and spatial resolutions. However, uncertainties regarding
data sources may compromise soil erosion estimates. Combined with low resolution
dataset, such uncertainties make it difficult to get better erosion estimates. A 94 mresolution was used to calculate all RUSLE factors. It is, therefore, possible that the values
of these parameters were underestimated. Unfortunately, whereas better resolutions are
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preferable and available for smaller areas in Brazil, data of higher resolution are scarces
for large areas.
In summary, this study provides a potential estimate of soil loss in the Brazilian Cerrado
based on the combination of RUSLE and GIS. Its results can provide support to establish
an environmental conservation plan where crop farms and silviculture operations may
become active agents of soil erosion.
In general, the average estimated rates of soil loss for the Cerrado were 10.4 t.ha-1.yr-1
(2000), 11.6 t.ha-1.yr-1 (2010), and 12.0 t.ha-1.yr-1 (2012), which may be considered
moderate (FAO, 1967; PANDEY et al. 2007). The values estimated in our analyses are
consistent with those observed by TRABAQUINI et al. (2012), who found an average
rate of soil loss of 12.5 t.ha-1.yr-1 for a watershed with different land uses (crops, pasture,
and natural vegetation) within of the Cerrado region. Figure 2.7 shows the Map of
Average Soil Loss, taking 2010 as the reference year, which identifies the areas most
vulnerable to high rates of soil erosion, which occur mainly in São Paulo (SP), Minas
Gerais (MG), Goiás (GO), Mato Grosso do Sul (MS) and Mato Grosso (MT) states. As
expected, the areas with very high annual soil loss (>50 t.ha-1.yr-1) are concentrated in
regions with steep slopes and where pasture, crops, and silviculture are predominant.
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Figure 2.7 Map of average soil loss in 2010 of the study area. Brazilian Cerrado states
are: Bahia (BA), Goiás (GO), Maranhão (MA), Minas Gerais (MG), Mato Grosso do Sul
(MS), Mato Grosso (MT), Piauí (PI), Paraná (PR), São Paulo (SP) and Tocantins (TO).

Source: Author’s production.
Table 2.5 shows the spatial distribution of different erosion classes. Soils with reduced
erosion loss cover large areas and are found in most of the Cerrado (80%). They are
especially associated with the natural vegetation that provides good soil protection, and
low LS-factor (69.73%) related to flat and gently undulating relief. Respectively, 16%
and 4% of the Cerrado area is considered to be in moderate soil loss zones and high soil
loss zones, the latter where steeper slopes occur. In addition, a significant soil loss
associated with farm and silviculture land is observed. The most critical land use and land
cover units are silviculture, semi-perennial and perennial crops, that combined with the
practice of conventional tillage caused soils to suffer high losses. In quantitative terms,
the average soil loss rates were 33.9 t.ha-1.yr-1 (2000), 35.3 t.ha-1.yr-1 (2010), 38.3 t.ha1

.yr-1 (2012) for silviculture, 43.8 t.ha-1.yr-1 (2000), 40.0 t.ha-1.yr-1 (2010), and 43.1 t.ha-

1

.yr-1 (2012) for semi perennial crops, and 29.4 t.ha-1.yr-1 (2000), 28.1 t.ha-1.yr-1 (2010),

and 31.4 t.ha-1.yr-1 (2012) for perennial crops. The lowest values were obtained for annual
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crops with 11.2 t.ha-1.yr-1 (2000), 11.1 t.ha-1.yr-1 (2010), 11.5 t.ha-1.yr-1 (2012), mainly
due to no tillage practices, followed by pasture with 14.2 t.ha-1.yr-1 (2000), 14.6 t.ha-1.yr1

(2010), and 14.9 t.ha-1.yr-1 (2012).

Table 2.5 Interval of soil losses estimated for the Brazilian Cerrado, according to FAO
(1967).
Soil loss
zone

Soil loss interval
(t.ha-1.yr-1)

Area (%) em
2000

Area (%) em
2010

Area (%) em
2012

Low

0 – 2.5

55.89

52.89

52.40

2.5 – 5

14.44

14.99

15.03

5 – 10

11.65

12.24

12.36

10 – 15

5.09

5.47

5.53

15 – 20

3.02

3.25

3.31

20 – 50

6.26

6.92

7.02

50 – 100

2.23

2.55

2.59

100 – 200

0.92

1.09

1.12

≥200

0.50

0.61

0.64

Moderate

High

Very high

These results can guide regional planning for soil conservation and environmental
management, as well as aid in the selection of control practices that are better suited to
each land use system. With the exception of annual crop areas, all farm areas and
silviculture lands showed average soil loss ranging from moderate to high. Moreover,
agricultural expansion at expense of natural vegetation and agricultural intensification
toward fragile soils significantly contribute to greater soil erosion loss over time, given
that a large part of the Cerrado is highly susceptive to it. This is most prominent in the
North region corresponding to MATOPIBA, where deforestation rates have been very
high and soils are very much sandy with considerable erosion potential (MMA, 2011).
2.4 CONCLUSIONS
The methodology applied for estimating annual soil loss and its spatial distribution
(RUSLE integrated into GIS framework) in the Brazilian Cerrado, showed good
precision. It was possible to identify the areas most susceptible areas to water erosion,
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which is important provide support to define recovery and conservation plans where
agriculture and silviculture may become agents of soil erosion. Even though the results
obtained were good, a spatial resolution of 94 meters can underestimate soil loss
particularly in areas where gully erosions are dominant.
The average estimated rate of soil loss was low with 10.4 t.ha-1.yr-1 (2000), 11.6 t.ha-1.yr1

(2010), and 12.0 t.ha-1.yr-1 (2012), for the total Cerrado area. Areas most vulnerable to

erosion are mainly where steeper slope areas combine with pasture, crops, and silviculture
land uses. A large part of the total Cerrado area (80%) is under low soil loss, while 16%,
and 4% are under moderate, and high soil loss, respectively.
The results showed that, with the exception of annual crops and pasture that showed low
average soil loss, all farms and silviculture areas are under moderate soil loss. Good crop
management practices, such as no-tillage, terrace and green fertilizers, in fragile soils
regions, and the maintenance of the litter layer on the soil cover, are important factors
that may hinder soil loss processes in the Brazilian Cerrado and help maintain and
improve land productivity, therefore ensuring that national and international food
demands are met.
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CHAPTER

3

-

AGRICULTURAL

INTENSIFICATION

AND

EXTENSIFICATION AS CAUSES OF SOIL NITROGEN MINING IN BRAZIL
3.1 INTRODUCTION
Land-cover change is the major driver of global environmental change (TURNER II et
al., 2007) and land use expansion upon natural ecosystems is the most important form of
land-based change. Such conversion has supported global population growth by
providing food, fiber, and other benefits (LAMBIN & MEYFROIDT, 2011). Negative
impacts can, though, be identified. In tropical regions new agricultural lands have mainly
established at the expense of forest, savannah, and steppes (LAMBIN et al., 2003), raising
concerns about biodiversity loss, increases in greenhouse gas emissions and the
exhaustion of environmental services. Action towards a sustainable landscape
management, harmonizing food production and environmental conservation, might
address the intensification of agriculture (LAMBIN & MEYFROIDT, 2011; TILMAN et
al., 2011).
Agricultural intensification aims to enhance yields of existing crops. In general, this is
accomplished by using more fertilizers, irrigation, chemical products for pests and weed
control, mechanization, and genetically improved cultivars. That should reduce, at local
and regional scales, the pressure over natural ecosystems (FOLEY et al., 2011). Although
the scientific literature discusses whether agricultural intensification effectively spares
natural lands (BALMFORD et al., 2005; MATSON & VITOUSEK, 2006; RUDEL et al.,
2009; LAMBIN & MEYFROIDT, 2011; BARRETO et al., 2013; STRASSBURG et al.,
2014; LAPOLA et al., 2010), productivity gains are expected to meet the global food
demand for the coming decades (TILMAN et al., 2011; FOLEY et al., 2011). The
question is how to allocate the increasing demand for food production - by area expansion
or intensification? Either way, tropical regions are natural candidates. Most of the
projected growth in global population is expected to happen in those regions, because of
their climate – a basic requirements for increasing productivity per area per year – and
due to the availability of arable lands (ALEXANDRATOS & BRUINSMA, 2012;
TILMAN et al., 2011; LAMBIN & MEYFROIDT, 2011).
Agriculture in Brazil has been historically known for driving anthropogenic use of land
over natural vegetation. However, in the recent years, Brazilian agriculture has also
strengthened productivity through intensification (DIAS et al., 2013; OECD/FAO, 2015),
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improving its ‘tropical agriculture’ substantially and becoming the second largest
agricultural exporter in the world (OECD/FAO, 2015). The increase in agricultural
productivity in Brazil has occurred mainly due to two reasons. The first of them is the
expansion of croplands over degraded pasture areas, which happened on agriculturally
consolidated regions (BARRETO et al., 2013; DIAS et al., 2016). Additionally,
productivity has rised due to the increased investments in agricultural technologies and
practices, such as improvement of crop cultivars (e.g., soybean varieties more efficient
on biological nitrogen fixation in tropical conditions), no-tillage systems, liming, and the
large use of fertilizers, speciallly nitrogen and phosphorus (OECD/FAO, 2015). Notably,
the increase in agriculture productivity and production in Brazil is projected to contribute
with 40% of global food by 2050 (OECD/FAO, 2015).
The Cerrado savanna, a biome with a total area of 206 Mha, is currently responsible for
70% of the country’s food production (WICKRAMASINGHE, 2012) and 44% of its area
used as agricultural land, at the expense of natural vegetation (LAHSEN et al., 2016).
Between 2009 and 2010, the Cerrado accounted for 95% of the cotton, 54% of soybeans,
55% of beef, 43% of sugarcane, and 41% of the milk produced in Brazil (LAHSEN et al.,
2016; IBGE, 2010a). Besides, this biome plays an important role in bioenergy production,
through ethanol and biomass from sugarcane and eucalyptus planted forests (LEITE et
al., 2009, BALCOMBE & RAPSOMANIKIS, 2008). Due to its high production capacity,
the Cerrado has been pointed out one of the world’s greatest breadbasket (THE
ECONOMIST, 2010).
Sustainable landscape management foresees that land-based activities and environmental
conservation and ecosystem services are in harmony. Ideally, land use status indicators
should integrate various components of the landscape. Nitrogen flow and its management
are seen as an integrative indicator of production efficiency and environmental risks, or
benefits (SUTTON et al., 2014). The Cerrado is a hotspot of agricultural production and
the processes of intensification and extensification are historically related to the
expansion and consolidation of this activity in the region. Nitrogen is one of the most
important agriculture yield-enhancing factor, an essential element in securing food
production (SUTTON et al., 2014). However, many environmental issues can arise due
to nitrogen unbalance. Low levels of nitrogen can bring down crop productivity and
induce soil degradation, while an excessive amount of it can lead to environmental
pollution such as eutrophication of freshwater and estuarine ecosystems, groundwater
contamination, soil degradation and air pollution. Therefore, unbalanced nitrogen can
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negatively impact human health, economic prosperity, and food security (ZHANG et al.,
2015; GALLOWAY et al., 2003; GALLOWAY et al., 2008; CLARK et al., 2008;
AUSTIN et al., 2013).
Previous studies have focused on how agriculture has affected biodiversity (RATTER et
al., 1997; MYERS et al., 2000), water resources (COSTA et al., 2003; FERREIRA et al.,
2011), and carbon emissions (BUSTAMANTE & FERREIRA, 2010). However, there is
a scientific gap on the influence of agricultural intensification and extensification over
nitrogen cycle in the Cerrado. Moreover, only a few studies made use of a spatially
explicit database to estimate nitrogen flows in agricultural lands at regional scale
(LESSCHEN et al., 2007; LASSALETA et al., 2012). More frequently, studies regard a
country or a whole region homoniously (FILOSO et al., 2006; MARTINELLI et al.,
2012). Here, we present a spatially explicit assessment of nitrogen flows in agricultural
regions of the Brazilian Cerrado, where the processes of intensification and
extensification are identified. To achieve that, we produced spatio-temporal nitrogen
balances for 2000, 2010, and 2012. The balances include the main nitrogen inputs and
outputs covering a significant part of the nitrogen cycle and its possible imbalances.
Ultimately, this study aims to inform the discussion on alternative pathways to improve
agricultural policy and the sustainable development of agriculture in Brazil.

3.2 MATERIALS AND METHODS
To conduct this study, we divided the Brazilian Cerrado into two agricultural regions
according to land-use dynamics: Region 1, encompasses regions with consolidated
agriculture (PR, SP, MG, MS, MT and GO) and Region 2 – encompasses the agricultural
frontier region (MA, TO, PI and BA) with the largest areas of natural vegetation. As
nitrogen inputs and outputs are directly related to land-use types, the Region 1 was divided
into two parts: Region 1A with the largest areas of semi perennial, perennial, and
silviculture lands (PR, SP, MG); and Region 1B with has the largest areas of annual crops
and pasture lands (MS, MT, GO) (Figure 3.1).
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Figure 3.1 Brazilian Cerrado biome totally or partially encompasses the states of
Maranhão (MA), Piauí (PI), Tocantins (TO), Bahia (BA), Mato Grosso (MT), Goiás (GO)
Minas Gerais (MG), Mato Grosso do Sul (MS), São Paulo (SP) and Paraná (PR).The
biome was divided into agriculturally consolidated regions (Region 1Aand 1B) and the
agricultural frontier region (Region 2).

Source: Author’s production.
Land-use database
The spatio-temporal nitrogen balance in the Brazilian Cerrado was computed based on
the integration of different land use and cover spatially explicit data, nitrogen data, and
data from agriculture and livestock census. Annual crops considered were soybean and
maize, semi perennial crops (sugarcane), perennial crops (coffee and citrus), pasture, and
silviculture. All data were compiled in a GIS (Geographic Information System)
environment and organized in a Geographic Database, as shown in Figure 3.2 flowchart.
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Figure 3.2 Flowchart of the mapping protocol used for the production of the spatiotemporal soil nitrogen balance for the Brazilian Cerrado in the years 2000, 2010, and
2012.

Source: Author’s production.
This study used, the land use and cover maps were produced by the Brazilian Institute for
Geography and Statistics (IBGE, 2015). They include 14 different land-use and landcover classes considering the years of 2000, 2010, and 2012. All three original maps were
reclassified to emphasize the classes of interest:
1) Agriculture: agricultural areas, mosaic of agricultural areas with remaining forest,
mosaic of forest vegetation with agricultural areas, and mosaic of grassland with
agricultural areas;
2) Pasture: planted and managed pastureland (e.g. cattle-ranching);
3) Silviculture: planted and managed forests with exotic species (e.g. eucalyptus, pinus);
4) Natural vegetation: natural vegetation (e.g. forest vegetation, grassland, wetland);
5) Others: urbanized zones, road systems, non-agricultural systems, continental water
bodies, coastal water bodies, and uncovered lands (e.g. rocky outcrops and sand dunes);
In order to separate agricultural areas from forest vegetation and grassland, the
Agriculture class divided into three sub-classes: annual (grains), semi perennial
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(sugarcane), and perennial (coffee and citrus). For this purpose, we multiplied Agriculture
class by spatially explicit data on grains (CONAB, 2001, 2011a, 2013a), sugarcane
(RUDORFF et al., 2010), coffee (BERNARDES et al., 2012; MOREIRA et al., 2010;
CONAB, 2011b, 2013b) and citrus (MOREIRA et al., 2010) production. As a result, it
Annual, Semi perennial and Perennial agricultural classes were obtained, whereas
residues were reclassified as Natural vegetation. Finally, all three maps (2000, 2010, and
2012) ended up with seven classes: Pasture, Natural vegetation, Silviculture, Annual
crops, Semi perennial crops, Perennial crops and Others.
The land use and cover maps (for 2000, 2010 and 2012) were decomposed into a regular
grid of 5km x 5km. After that, the percentages of each class were computed for each grid
(85,382 grids in total). As the Annual Crops class does not discriminate soybeans and
maize distribution, the data for soybean and maize areas were obtained from the
Municipality-based Agricultural Census (IBGE, 2000a, 2010a, 2012a). These data were
converted from polygon-based information into grid cells of 5km x 5km, as in Espindola
et al. (2012). The computation assumed that soybean and maize were uniformly
distributed over the Annual Crops class. That way, we found the proportion of soybean
and maize in each grid. Municipality-based Livestock Census data provided the number
of cattle heads (IBGE, 2000b, 2010b, 2012b), while the agricultural censuses from 1996
and 2006 provided the farm areas (IBGE, 1996, 2006). In addition, the ratios obtained
from of those data were used to calculate the bovine stocking rates (head.ha-1) for Pasture
class for the same period.
In order to learn about land-cover dynamics in the Brazilian Cerrado, we calculated the
areas of land-cover classes that underwent transition from one land-cover type to another
between 2000 and 2012. For that, we built a transition matrix obtained by calculating the
areas that underwent a transition from a land-cover class i to another class j in a given
region (Müller-Hansen et al., 2016). The transition matrix of one region T(t) is an n x n
matrix with elements Tij (t), i, j Є {1, …, n}, where n corresponds to the number of landcover classes. The transition matrix depends upon time and indicates that the transition
rates generally are not constant over time, which means that the system is not stationary
(MÜLLER-HANSEN et al., 2016). However, for ease of notation, we omitted the time
dependence effect. We estimated Ti,j from land use and cover maps containing all seven
(n) classes. Then, in a GIS environment, we combined the information contained in the
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two land cover maps from 2000 and 2012 into a data set and obtained the areas of landcover classes that underwent transition.
Nitrogen database
Soil nitrogen balance – We used the soil nitrogen balance for the land-use systems in
the Brazilian Cerrado found in the literature (LIU et al., 2010, STOORVOGEL &
SMALING, 1998; SMALING et al., 1993). For the analyses we assumed that the soil
nitrogen balance is the difference between total nitrogen inputs (IN) and outputs (OUT)
on agricultural lands; where IN is divided into four factors and OUT is divided into five
factors as shown in Eqs 1 and 2. This approach does not take into account the amount of
nitrogen stored in the soil. Soil cover considered were pasturelands, annual crops, semi
perennial crops, perennial crops, and silviculture. A nitrogen positive balance, or surplus,
indicates that inputs that are in excess in agricultural lands, while negative balance
indicates excess outputs or nitrogen soil depletion.
IN = INfer + INman + INdep + INfix

3.1

OUT = OUTcrop/prod + OUTres/man + OUTlea + OUTgas + OUTero

3.2

Where, for nitrogen:
IN and OUT - total input and output; INfer: mineral fertilizer input; INman: manure input
in crops and silviculture (in pasture INman is not considered an input because it is an
internal process); INdep: wet and dry atmospheric deposition; INfix: biological fixation.
OUTcrop/prod: output from crops, harvested wood and animal products; OUTres/man: output
from crops, wood residues and manure exported from pasture; OUTlea: output from
leaching; OUTgas: output from gaseous losses; and OUTero: output from erosion.
All nitrogen inputs and outputs are expressed in kilograms per hectare per year (kgN.ha1

.yr-1). Table 3.1 presents the average and standard deviation values of nitrogen inputs

and outputs used when calculating of soil nitrogen balance. All values were obtained from
literature. OUTero, was presented separately in item “Nitrogen Outputs”. In general,
nitrogen inputs and outputs vary in space and time under Brazilian field conditions due
to a diversity of landscape physical elements, soil chemicals variety, and climate.
However, in this study, a generalization was necessary for establishing soil nitrogen
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balance due to the large dimension of the study area (206 Mha) and the annual nature of
most of the nitrogen input and output data.
Crops productivity was based on Municipality-based Agricultural Productivity (IBGE
2000c, IBGE 2010c, IBGE 2012c). Silviculture productivity were based on Annual
Statistical Reports (ABRAF, 2006; ABRAF, 2013) of Silviculture Science and Research
Institute (IPEF). For silviculture productivity were considered independent producers
(small and medium producers) and large producers, that one associated to ABRAF
(Brazilian Association of Planted Forest Producers). At the beginning of the year 2000
about 22% of planted forest was from independent producers and 79% from large
producers (ABRAF, 2006). In general, independent producers have lower productivity
gains. In 2000, silviculture productivity was about 20-25 m3.ha-1.yr-1 for independent
producers, while for large producer it was 32 m3.ha-1.yr-1. Between 2010 and 2012, about
60% of planted forest was from independent producers with productivity of 25 m3.ha-1.yr1

, whereas 40% of forest planted was from large producers with productivity of 40 m3.ha-

1

.yr-1 (MCTIC, 2017; ABRAF, 2013). The Table 3.1 also presents the productivity used

in this study for crops and silviculture.
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Table 3.1 Average rates and standard deviation of nitrogen inputs and nitrogen output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture in
the Brazilian Cerrado.
Input

Land use

Agrosystem
Soybean

Annual crop
Maize

Productivity (Mg.ha-1yr-1
or head. ha-1yr-1)
2.5 (2000)
2.9 (2010)
2.9 (2012)
2.7 (2000)

Average rate and standard
deviation1 (kgN.ha-1yr-1)
0
55 (7.1)1

4.3 (2010)

112.5 (30.7)

5.1 (2012)
59.6 (2000)
Semi perennial
crop

Sugarcane

IN1: Mineral
Fertilizer

74.1 (2010)

102.5 (26.3)

69.9 (2012)

Mendes et al. (2007); Crispino et al. (2001)
Coelho and França 1995
Alves et al. (2006); Cruvinel et al. (2011); Ribeiro et al.
(1999); Mar et al 2003
Vitti et al (2002); Rosseto and Dias (2005)
Vitti et al. (2007); Vitti et al. (2002); Cantarella et al.
(2008); Silva et al 2017

1.2 (2000)
Coffee
Perennial crop
Citrus

IN2: Organic
inputs / Manure
from indigenous
cattle grazing
outside the farm

70 (14.1)

Reference

Silviculture

Silviculture

Pasture

Pasture

Semi perennial
Sugarcane
crop

273.3 (7.1)

1.0 (2010)
1.0 (2012)
18.9 (2000)
16.9 (2010)
17.8 (2012)
25.0 (2006)
31.4 (2010)
31.4 (2012)

Mesquita et al. (2016); Boaretto et al. (2007); Fenilli et
al. (2008); Cantarella et al. (1992); Cantarella and
Quaggio (1996)

200.0
78.0 (17.4)
125.0 (27.8)

-

0

59.6 (2000)

83.0 (19.2)

74.1 (2010)
103.3 (23.9)

69.9 (2012)
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Laclau et al. (2010); Barreto et al. (2008); Pulito et al.
(2015)
Santos et al. (2002); Boddey et al. (2004); Cruvinel et al.
(2011)
Paredes et al. (2014); Oliveira et al. (2013); Canisares et
al. (2017); Carmo et al. (2013)

Table 3.1 Average rates and standad deviation of nitrogen inputs and nitrogen output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture in
the Brazilian Cerrado (continuated).

Input

IN3: Wet and
dry deposition

Land use

All

Agrosystem

All

Productivity (Mg.ha-1yr-1
or head. ha-1yr-1)

Average rate and standard
deviation1 (kgN.ha-1yr-1)

-

5.5

2.5 (2000)
Annual crop

Soybean

Maize
IN4: Biological
N fixation

Semi perennial
crop

Sugarcane

Silviculture

Coffee and
citrus
Silviculture

Pasture

Pasture

Perennial crop

174.8 (12.0)
2.9 (2010)
2.9 (2012)
59.6 (2000)
74.1 (2010)
69.9 (2012)

48.8 (12.4)

-

-

-

-

-

25.0 (14.1)
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Reference

Vet et al. (2013)

Boddey et al. (1984); Filoso et al. (2006); Alves et al.
(2006); Alves et al. (2003)

Oliveira et al. (1994); Martinelli et al. (2008)

Filoso et al. (2006); Boddey and Victoria (1986)

Table 3.1 Average rates and standad deviation of nitrogen inputs and nitrogen output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture in
the Brazilian Cerrado (continuated).
Output

Land use

Agrosystem

Soybean
Annual crop
Maize

Semi perennial crop
OUT1: Harvested Crop
Parts / Animal
Products

Sugarcane

Coffee
Perennial crop
Citrus

OUT2: Removed
Crops Residues /
Manure leaving the
farm

Silviculture

Silviculture

Pasture

Pasture

All

All

Productivity (Mg.ha-1yr-1
head. ha-1yr-1)

Average rate and standard
deviation1 (kgN.ha-1yr-1)

2.5 (2000)
2.9 (2010)
2.9 (2012)
2.7 (2000)
4.3 (2010)
5.1 (2012)

147.7 (18.5)1

59.6 (2000)

46.1 (9.4)

74.1 (2010)
69.9 (2012)
1.2 (2000)
1.0 (2010)
1.0 (2012)
18.9 (2000)
16.9 (2010)
17.8 (2012)
25.0 (2006)
31.4 (2010)
31.4 (2012)
0.42 (2000)
0.52 (2010)
0.54 (2012)
-
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171.3 (21.5)
44.3 (7.7)
83.6 (14.5)

56.9 (11.6)

Reference
Alves et al. (2006); Hungria et al.
(2003); Borkert et al. (1994)
Alves et al. (2006); Coelho et al.
(2003)
Shultz et al. (2015); Coelho et al.
(2003); Vitti et al. (2002)

146.4
Fenilli et al. (2008); Boaretto et
al. (2007); Boaretto et al. (2013)
50.7 (11.2)
221.7 (84.3)
354.7 (134.6)

Barreto et al. (2012)

4,7
5,82
6,05

Boddey et al. (2004)

0

Smaling et al. (2008)

Table 3.1 Average rates and standad deviation of nitrogen inputs and nitrogen output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture in
the Brazilian Cerrado (continuated).
Output

Land use

Agrosystem

Soybean
Annual crop

Productivity (Mg.ha-1yr-1
head. ha-1yr-1)

Average rate and standard
deviation1 (kgN.ha-1yr-1)

2.5 (2000)
2.9 (2010)
2.9 (2012)

0

2.7 (2000)
Maize

Wilcke & Lilienfen (2005);
Coelho et al. (2003); Alves et al.
(2006)

4.6 (0.1)

Trivelin et al. (2002); Oliveira et
al. (2002); Oliveira et al. (2000)

59.6 (2000)
Sugarcane

OUT3: Leaching
Coffee
Perennial crop
Citrus

Silviculture

Silviculture

Pasture

Pasture

74.1 (2010)
69.9 (2012)
1.2 (2000)
1.0 (2010)
1.0 (2012)
18.9 (2000)
16.9 (2010)
17.8 (2012)
25.0 (2006)
31.4 (2010)
31.4 (2012)
0.42 (2000)
0.52 (2010)
0.54 (2012)
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Hungria et al. (2006)

16.0 (5.2)
4.3 (2010)
5.1 (2012)

Semi perennial crop

Reference

7.8 (4.5)

36.0 (1.4)

Bortolloto et al. (2012); Fenilli et
al. (2008); Cantarella et al.
(2003)

0

Laclau et al. (2010)

0

Costa (2006)

Table 3.1 Average rates and standad deviation of nitrogen inputs and nitrogen output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture in
the Brazilian Cerrado (continuated).

Output

Land use

Agrosystem

Soybean
Annual crop
Maize

Semi perennial crop

Sugarcane

Productivity (Mg.ha-1yr-1
head. ha-1yr-1)
2.5 (2000)
2.9 (2010)
2.9 (2012)
2.7 (2000)
4.3 (2010)
5.1 (2012)
59.6 (2000)
74.1 (2010)
69.9 (2012)

Average rate and standard
deviation1 (kgN.ha-1yr-1)
0

Reference

Hungria et al. (2006)

18.0 (9.0)

Alves et al. (2006); Zavaschi et al.
(2014)

4.4 (4.4)

Silva et al. (2017); Carmo et al.
(2013)

1.2 (2000)

OUT4: Gaseous
losses

Coffee
Perennial crop
Citrus

Silviculture

Silviculture

Pasture

Pasture

3.5 (1.0)
1.0 (2010)
1.0 (2012)
18.9 (2000)
16.9 (2010)
17.8 (2012)
25.0 (2006)
31.4 (2010)
31.4 (2012)
0.42 (2000)
0.52 (2010)
0.54 (2012)
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Fenilli et al. (2008); Dominghetti et
al. (2016); Boaretto et al. (2013);
Cantarella et al. (2003)

26.6 (4.9)

0
2,37
2,94
3,05

Laclau et al. (2010)
Boddey et al. (2004); Lessa et al.
(2014)

Nitrogen Inputs – INfer for pasture was set at zero because nitrogen fertilizer addition is
unusual (SANTOS et al. 2002; BODDEY et al., 2004) (Table 3.1). In silviculture, INfer
was based on the average rate of nitrogen fertilizer to eucalyptus with full-rotation. The
full-rotation eucalyptus considered showed a pattern ranging for a minimum of five years
and a maximum of thirteen years (BARRETO et al., 2008). INman was considered only in
semi perennial crops because application of organic manure, such as vinasse and filter
cake, from sugar-ethanol industry is a common practice in Brazil. INman was set a zero
for other crops and silviculture. INdep was based on modeled estimates of total wet and
dry nitrogen (NOy + NH4) deposition from Vet et al. (2013). Vet et al. (2013) estimates
nitrogen deposition based on data collected for two periods of 3 years: 2000 to 2002 and
2005 to 2007.
Nitrogen Outputs- OUTcrop/prod for silviculture was based on the rate of nitrogen from
harvested eucalyptus with the same rotation pattern as above (BARRETO et al., 2012)
(see Table 3.1). In pasture areas, OUTcrop/prod was estimated by multiplying the livestock
density by the rate of accumulated nitrogen in live weight of animal. For the Brazilian
Cerrado, the livestock density was calculated by multiplying the number of cattle heads
from the Municipality-based Livestock Census of 2000, 2010, and 2012 (IBGE, 2000b,
2010b, 2012b) by the farm areas from the Agricultural Census of 1996 and 2006 (IBGE,
1996, 2006). Livestock density was 0.42, 0.52, 0.54 head.ha-1 in 2000, 2010, and 2012,
respectively. The rate of accumulated nitrogen in live weigh of animal was obtained (2.8
kgN.ha-1.yr-1) from Boddey et al. (2004). The adopted value refers to the nitrogen
accumulated in the 4 years of animal development (slaughter age). The resulting values
for 2000, 2010, and 2012 are shown in Table 3.1.
OUTres/man was set at zero for crops and silviculture, because we assumed that residue
removal is not a common practice, and for pasture, because it is not common to collect
manure in the Brazilian Cerrado. OUTlea was set at zero for pasture because nitrogen
fertilizer application is not usual and leaching from manure is negligible (BODDEY et
al., 2004). According to Laclau et al. (2010), leaching in silviculture is insignificant. For
pasture, OUTgas was estimated by multiplying livestock density (0.42, 0.52, and 0.54 for
2000, 2010, and 2012, respectively) by average animal nitrogen excretion rates (dung and
urine) (36 kgN.ha-1.yr-1) (BODDEY et al., 2004). The result was then multiplied by the
nitrogen emission rate from excreta (15.7%) (LESSA et al., 2014). Values obtained for
the years 2000, 2010, and 2012 are displayed in Table 3.1.
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OUTero was calculated by multiplying the soil erosion, presented in Chapter 2 for the
years 2000, 2010, and 2012, by total nitrogen in soil (OLIVEIRA, 1999).
All nitrogen inputs and outputs were decomposed into a regular grid of 5km x 5km. Then,
they were multiplied by land use percentage in each grid for 2000, 2010, and 2012.
Finally, we calculated the difference between IN and OUT for agriculture and silviculture
lands was calculated, resulting in soil nitrogen balances for the years 2000, 2010, and
2012.
The soil nitrogen balances and nitrogen flows were calculated at the regional scale for
both agricultural consolidated regions (1A and 1B) and the agriculture frontier (Region
2). The results we obtained are in TgN.yr-1. Also, nalyses at a local scale also were
performed to show spatial variation in the soil nitrogen balances and nitrogen flow rates.
The obtained results are in kgN.ha-1.yr-1.
3.3 RESULTS
Farmland area took over natural vegetation in the Cerrado region (Table 3.2). During the
studied period,such transition is primarily related to the expansion of pasturelands
(82,047.79 km2), annual crops (53,367.14 km2), semi-perennial crops (24,275.97 km2),
perennial crops (3,059.52 km2) and silviculture (2,253.08 km2). Accordingly, the natural
vegetation area was reduced by 166,244.55 km2. The small difference between farmland
expansion and natural vegetation reduction (1,241.05 km2) was due to expansion of
artificial areas, such as urbanized zones and no-agricultural systems. In pasturelands,
livestock density increased from 0.42 in 2000 to 0.54 head.ha-1 in 2012.
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Table 3.2 Areas, in km2 of natural vegetation, pasture, agricultural crops, and silviculture
in the Brazilian Cerrado for the defined agricultural regions in 2000, 2010,
and 2012.
Year

Natural
Vegetation
km2
(%)a

Pasture
km2

Annual

(%)a

2000
2010
2012

164,628 7.98 195,679
138,890 6.73 201,830
137,764 6.68 198,171

9.49
9.78
9.61

2000
2010
2012

402,640 19.5 433,375
339,225 16.4 467,947
333,617 16.2 459,975

21.0
22.7
22.3

2000
2010
2012

574,642 27.9 130,050
508,510 24.7 180,479
504,284 24.4 183,007

6.30
8.75
8.87

2000 1,141,910 55.4 759,106 36.80
2010
986,626 47.8 850,257 41.21
2012
975,666 47.3 841,153 40.77
a

km2
(%)a
Region 1ª
20,178 0.98
23,177 1.12
23,781 1.15
Region 1B
65,209 3.16
87,964 4.26
98,304 4.77
Region 2
12,686 0.61
27,672 1.34
29,355 1.42
Total
98,074 4.75
138,813 6.73
151,441 7.34

Semi
Perennial
km2
(%)a

Perennial

Silviculture

km2

km2

(%)a

15,925
28,178
31,808

0.77 6,555
1.37 8,666
1.54 9,396

0.32 12,881
0.42 15,046
0.46 14,969

0.62
0.73
0.73

2,277
7,320
10,670

0.11 0.08
0.35 16.31
0.52 84.49

0.00
0.00
0.00

3,381
3,755
3,601

0.16
0.18
0.17

0.00
0.00
0.00

0.00
0.00
0.00

271
229
216

0.01
0.01
0.01

0.32 16,534
0.42 19,031
0.46 18,787

0.80
0.92
0.91

0.00
0.00
0.00
18,202
35,498
42,478

0.00
0.00
0.00

0.88 6,555
1.72 8,682
2.06 9,481

Value relative to the Brazilian Cerrado total area (2,063,727.5 km2).

Between 2000 and 2012, pastureland expansion took place mainly over natural vegetation
(Table 3.3), but this class was also the main source of land to all crops and silviculture
expansion. Annual, semi perennial and perennial crops, along with silviculture, expanded
vigorously over pasturelands. The transition matrix also reveals a land-use competition
process where bidirectional transitions are observed between annual, semi perennial and
perennial crops. This process is observed among silviculture, pastureland and natural
vegetation as well as.
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(%)a

Table 3.3 Transition matrix in the period 2000-2012 for the Brazilian Cerrado. Values in
area (km2).
"To" 2012
Pasture

Natural
Semi
Annual
Perennial Silviculture Others
Vegetation
Perennial

Total
2000

Pasture

639,632

22,658

69,662

17,574

3,609

4,655

1,396

Natural
Vegetation

165,352

946,126

25,523

1,054

492

1,737

2,203 1,142,491

29,712

5,986

53,909

7,689

303

168

301

98,071

"From" Semi
2000 Perennial

1,725

105

877

15,348

47

47

51

18,202

Perennial

711

83

298

436

4,985

19

19

6,555

3,255

271

554

210

75

12,140

26

16,534

853

1,015

603

163

100

18 19,927

22,682

976,247 151,429

42,478

9,614

Annual

Silviculture
Others
Total 2012

841,245

18,788 23,925 2,063,727

At the intraregional scale, land use dynamics showed that total area of pasture, crops and
silviculture in both Region 1A and Region 1B increased by 10.71% and 13.56% in 2000
and 2012, respectively. In Region 2 this growth was even more expressive reaching
48.65% (Table 3.2). These results indicate that Regions 1A and 1B are agriculturally
consolidated, which can be attributed to the largest natural-anthropic conversions that
occurred before 2000, and the bidirectional transitions between uses that have recently
become more significant. Region 2 may be considered an agricultural frontier because its
transitions are essentially unidirectional. Natural vegetation has been converted into
agriculture and pasture, and little or no competition is observed between different uses.
These results indicate a spatially heterogeneous process of intensification, directly linked
to the availability of natural areas for conversion.
In Regions 1A and 1B, pasture has been historically predominant (Table 3.2). However,
pasture had only a subtle increase in the period from 2000 to 2010 (6.47%) when main
changes were associated to agricultural annual (e.g. soybean) and semi perennial
(sugarcane) expansion of 95.02% and 30.16%, respectively (see also Figure 3.3). This
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759,189

process became more intense in recent years, from 2010-2012, when pasture and
silviculture were reduced by 1.74% and 1.23%, respectively.
In Region 2, natural vegetation prevails (Table 3.2). However, it suffered a strong
reduction (11.51%) between 2000 and 2010, mostly due to pasture and annual crops
expansion, which increased significantly by 38.78% and 118.13%, respectively (see also
Figure 3.3). The expansion continued over the next two years (2010-2012) although not
through land-use competition. Pasture and annual crops expansion occurred over natural
vegetation by means of agricultural extensification coupled with high speed of farmland
expansion.
Figure 3.3 Changes in land-use hot spots in the 2000-2010 (a) and 2010-2012 (b) periods.

Source: Author’s production.
Spatio-temporal soil nitrogen balance
In the study area, input and output values represent N flows in different classes of land
use (see Table 3.4). N flows are presented for agricultural regions as shown in Table 3.5.
These results are described in the next sections.

46

Table 3.4 Nitrogen flows, in TgN.yr-1, in the Brazilian Cerrado for years 2000, 2010, and
2012.
Nitrogen Flows (TgN.yr-1)
Years

IN

OUT

INfer INman INdep INfix TIN

OUTcrop/prod OUTres OUTlea OUTgas OUTero TOUT

2000
2010
2012

0
0
0

0
0
0

0.45 2.05 2.50
0.50 2.28 2.78
0.50 2.26 2.75

2000
2010
2012

0.15
0.43
0.53

0
0
0

0.04 0.86 1.05
0.06 1.37 1.86
0.07 1.40 2.00

2000
2010
2012

0.13
0.36
0.43

0.15
0.37
0.44

0.01 0.09 0.38
0.02 0.17 0.92
0.02 0.21 1.10

2000
2010
2012

0.18
0.24
0.26

0
0
0

0.00
0.00
0.01

0 0.18
0 0.24
0 0.27

2000
2010
2012

0.14
0.26
0.25

0
0
0

0.01
0.01
0.01

0 0.15
0 0.27
0 0.26

2000
2010
2012

0.59
1.28
1.48

0.15
0.37
0.44

0.52 3.00 4.26
0.60 3.82 6.07
0.61 3.87 6.39

Pasture
0.39
0
0.53
0
0.55
0
Annual crops
0.85
0
1.66
0
1.77
0
Semi perenial crops
0.08
0
0.20
0
0.24
0
Perennial crops
0.10
0
0.13
0
0.14
0
Silviculture
0.39
0
0.73
0
0.72
0
Total
1.81
0
3.24
0
3.42
0

Balance

0
0
0

0.20
0.26
0.28

1.80
2.26
2.31

2.38
3.06
3.14

0.12
-0.28
-0.38

0.04
0.06
0.08

0.05
0.07
0.08

0.11
0.19
0.23

1.05
1.98
2.16

0.00
-0.12
-0.16

0.01
0.02
0.02

0.01
0.02
0.02

0.08
0.15
0.19

0.18
0.38
0.46

0.20
0.54
0.64

0.01
0.01
0.01

0.00
0.00
0.00

0.02
0.03
0.04

0.12
0.17
0.19

0.06
0.07
0.08

0
0
0

0
0
0

0.06
0.08
0.09

0.46
0.81
0.81

-0.31
-0.55
-0.54

0.06
0.08
0.10

0.26
0.35
0.39

2.07
2.72
2.85

4.19
6.40
6.76

0.07
-0.33
-0.37

Table 3.5 Regional Breakdown of Brazilian Cerrado nitrogen flows (TgN.yr-1).
Nitrogen Flow (TgN.yr-1)
IN
Year

OUT

INfer INman INdep INfix TIN OUTcrop/prod

2000 0.45
2010 0.83
2012 0.89
2000 0.12
2010 0.35
2012 0.48
2000 0.02
2010 0.10
2012 0.11

OUTres OUTlea OUTgas OUTero TOUT

Balance

0.13 0.15 0.75 1.47
0.29 0.16 0.85 2.12
0.33 0.16 0.88 2.25

Region 1ª
0.72
0
1.22
0
1.28
0

0.03
0.03
0.04

0.08
0.10
0.10

0.81
1.01
1.07

1.64
2.36
2.49

-0.17
-0.24
-0.24

0.02 0.28 1.81 2.23
0.08 0.32 2.26 3.01
0.11 0.32 2.27 3.18

Region 1B
0.92
0
1.61
0
1.71
0

0.02
0.04
0.05

0.14
0.18
0.21

0.96
1.20
1.27

2.04
3.03
3.24

0.19
-0.02
-0.06

0 0.08 0.45 0.56
0 0.12 0.71 0.94
0 0.12 0.72 0.95

Region 2
0.16
0
0.41
0
0.43
0

0.01
0.01
0.02

0.04
0.07
0.08

0.29
0.50
0.51

0.51
1.00
1.03

0.05
-0.06
-0.08
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Nitrogen inputs
Total nitrogen input (TIN) increased significantly from 4.26 to 6.39 Tg in a period of
twelve years (2000-2012), as can be seen in Table 3.4. The 50% gain was the result of an
increase in all components. Biofixation (INfix) was responsible for the largest input,
accounting for 70.42% (2000), 62.93% (2010), and 60.56% (2012) of all nitrogen inputs.
It was followed by INfer, which accounted for 13.85% (2000), 21.09% (2010), and 23.16%
(2012) of it. Nitrogen input from INdep contributed with 12.24% (2000), 9.89% (2010),
and 9.55% (2012). The contribution of INman was only 3.52% (2000), 6.10% (2010), and
6.89% (2012).
Nitrogen inputs intraregional dynamic
At the regional scale, the highest nitrogen inputs occurred in agriculturally consolidated
regions: Region 1B followed by Region 1A (Table 3.5). The largest nitrogen inputs
occurred in Region 1B via INfix. In contrast, in Region 1A occurred the largest nitrogen
occurred inputs via INfer. Region 2 had the smallest nitrogen inputs of the Cerrado.
The highest nitrogen inputs take place in Region 1B (Table 3.5) because the largest
pastureland and annual crops area of the Cerrado are within this region (Table 3.2), and
have the largest nitrogen inputs by INfix (Table 3.5). Additionally, Region 1B showed high
INfer values, primarily due its areas of annual crops. This region presented an increase of
42.60% in the total IN (TIN, Table 3.5) between 2000 and 2012 mostly due to rise in
INfix (20.26%) and INfer (300%), which reflects the expansion of pasture and annual crops
in the period.
Region 1A had the second largest nitrogen inputs (Table 3.5) because it holds the largest
area of semi perennial crops, perennial crops, and silviculture (Table 3.2). Accordingly,
Region 1A had the highest nitrogen inputs via INfer (Table 3.5) and, due to its semi
perennial crops and areas of pasture, showed high levels of INfix. Between 2000 and 2012,
total IN (TIN, Table 3.5) increased by 53.06%, mostly due to a rise in INfix (17.33%) and
INfer (97.78%) resulting directly from crops and silviculture expansion.
Region 2 showed the biome´s highest percentage of total IN increase (TIN, Table 3.5)
owing to INfix, which is responsible for most of the nitrogen inputs. Total IN increased
by 69.64% between 2000 and 2012, mainly due to an increase in INfix (60%) and INfer
(450%) that resulted from the expansion of pasture and annual crops.
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Figures 3.4A to 3.4D depict the N-input variation (kg.ha-1.yr-1) at the local scale. The
highest INfix rates (75-100 kg.ha-1.yr-1) was observed in Region 1B and Region 1A, mostly
related the areas of annual crops. The highest INfer (50-100 kg.ha-1.yr-1) rates were
observed in Region 1A where there are intensely fertilized areas of semi perennial crops,
perennial crops, and silviculture. INman (25-75 kg.ha-1.yr-1) was intense in Region 1A, also
due to semi perennial crops. INdep was higher (2.5 - 5 kg.ha-1.yr-1) in Region 1B and
Region 1A. The time sequence, depicted in Figures 3.4a to 3.4c shows intensification of
the N-input for all regions.
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Figure 3.4 Nitrogen inputs (kg.ha-1.yr-1) maps in 2000, 2010, and 2012. (A) Biofixationinputs; (B) Fertilizer-inputs; (C) Manure-inputs; (D) Atmospheric deposition inputs.

Source: Author’s production.
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Outputs nitrogen
Total nitrogen output (TOUT) was larger than total nitrogen input (TIN) from 2000
(Total, Table 3.4), indicating occurrence of soil nitrogen mining. Total nitrogen output
increased from 4.19 TgN to 6.76 TgN in that period. The 2.57 TgN output change is
attributed to the increase of 1.61 TgN from harvested crops and animal products
(OUTcrop/prod), 0.78 TgN from erosion (OUTero), 0.13 TgN from gaseous losses (OUTgas)
and 0.04 TgN from leaching (OUTlea). Nitrogen output from OUTcrop/prod was the largest
output, accounting for 43.20% (2000), 50.63% (2010), and 50.59% (2012), followed by
OUTero, with 49.40% (2000), 42.50% (2010), and 42.16% (2012). The nitrogen outputs
from OUTgas contributed with 6.21% (2000), 5.47% (2010), and 5.77% (2012), while
OUTlea outputs contributed with 1.43% (2000), 1.25% (2010), and 1.48% (2012).
Nitrogen outputs intraregional dynamic
At the regional scale, the highest nitrogen outputs occurred in agriculturally consolidated
regions, Region 1B followed by Region 1A (Table 3.5). The largest nitrogen outputs via
OUTcrop/prod and OUTero occurred in Region 1B. Region 2 had the smallest nitrogen
outputs of the Cerrado.
In both Regions (1A and 1B), the main drivers of nitrogen exports were OUTcrop/prod and
OUTero (Table 3.4). Region 1B presented the highest OUTcrop/prod values, mostly due to
the large areas occupied by annual crops. The highest OUTero values, were mainly
associated with degraded pasture areas (Table 3.4). In Region 1A, higher OUTcrop/prod and
OUTero are expected due to the vastness of the areas dedicated to semi perennial and
perennial crops, silviculture, and pasturelands. Higher OUTgas values in both regions were
attributed to fertilizer input associated with areas of annual crops in Region 1B and to the
agronomic practices and fertilization in semi perennial, perennial crops, and silviculture
in Region 1A. Between 2000 and 2012, the total exported N (OUT, Table 3.5) increased
by 58.82% and 32.10% in Regions 1B and 1A, respectively.
Region 2 presented the smallest nitrogen outputs (Table 3.5). Its strongest driver, the
OUTero, is associated with large and commonly degraded pasture areas. However, the
strong replacement of pasture areas by croplands led to an increase of 101.96% in total
N-export (TOUT, Table 3.5) from this region. Major components are OUTcrop/prod
(168.75%) and OUTero (75.86%).
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Figures 3.5A to 3.5D present the N-export variation (kg.ha-1.yr-1) at the local scale. The
highest OUTgas and OUTlea (2.5-5 kg.ha-1.yr-1) rates were found in Region 1A, associated
with intensive application of fertilizers. Due to the same reason, OUTgas and OUTlea began
to intensify in Region 1B since 2010. Areas with high OUTcrop/prod and OUTero (50-100
kg.ha-1.yr-1) appeared in both Region 1A and 1B. The time sequence depicted in Figure
3.5A to 3.5D shows intensification of N-export in all regions.
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Figure 3.5 Nitrogen outputs (kg.ha-1.yr-1) maps in 2000, 2010, and 2012. (A) Gaseousoutputs; (B) Leaching-outputs; (C) Harvested crops and animal products outputs; (D)
Erosion-outputs.

Source: Author’s production.
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Soil nitrogen balance
The trajectory of total soil nitrogen balance over 2000 to 2012 demonstrates a movement
toward soil nitrogen depletion. In 2000 the balance shows a nitrogen surplus relatively
small to a condition of nitrogen depletion in 2012 (Total, Table 3.4). It indicates that the
increase in the land-use change, with non-adequate agricultural practices, is leading to
soil nitrogen mining and affecting soil sustainability.
At intraregional scale, the same process is observed. The soil nitrogen balance reduced
by 260% in the agricultural frontier (Region 2) between 2000 and 2012 (Table 3.5). Such
sizeable decrease is attributed to the high speed of farming expansion (Table 3.2). In
agriculturally consolidated regions, 1A and 1B the balance reduction was significantly
smaller, reaching respectively 41.18% and 58.82%, reflecting agricultural intensification.
However, at local scale, soil nitrogen balance varied substantially among silviculture,
crops and pasture. Taking into account the spatial resolution of 5km x 5km applied in this
study, the Table 3.6 presents the average rates of soil nitrogen balance for each
agricultural system. Semi perennial and perennial crops presented increasing nitrogen
surplus rates from 2000 to 2012. In contrast, silviculture presented increasing nitrogen
depletion rates. Pasture and annual crops changed from a balanced condition to a slight
nitrogen depletion rates over 12 years.
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Table 3.6 Average rates of soil nitrogen balance and nitrogen fluxes, and uncertainty expressed as standard deviation 1 (kgN.ha-1.yr-1), for each
agricultural systems in the Brazilian Cerrado.
Nitrogen Flows and balance (kgN.ha-1.yr-1)
Years

IN
INfer

INman

INdep

OUT
INfix

TIN

2000
2010
2012

0
0
0

0
0
0

2.5 (0.0)1
2.6 (0.0)
2.5 (0.0)

11.4 (6.4)
11.7 (6.6)
11.5 (6.5)

2000
2010
2012

2.1 (0.3)
5.8 (1.6)
7.0 (1.9)

0
0
0

0.6 (0.0)
0.9 (0.0)
0.9 (0.0)

12.5 (0.9)
18.5 (1.3)
18.5 (1.3)

2000
2010
2012

16.0 (3.3)
21.6 (5.6)
23.4 (6.0)

19.0 (4.4)
21.8 (5.0)
23.6 (5.5)

1.3 (0.0)
1.2 (0.0)
1.3 (0.0)

11.2 (2.8)
10.3 (2.6)
11.2 (2.8)

2000
2010
2012

19.9 (0.5)
22.7 (0.6)
22.1 (0.6)

0
0
0

0.4 (0.0)
0.5 (0.0)
0.4 (0.0)

0
0
0

2000
2010
2012

15.1 (3.4)
25.4 (5.7)
25.1 (5.6)

0
0
0

1.1 (0.0)
1.1 (0.0)
1.1 (0.0)

0
0
0

OUTcrop/prod

Pasture
13.9 (6.4)
2.1 (0.0)
14.3 (6.6)
2.7 (0.0)
14.1 (6.5)
2.8 (0.0)
Annual crops
15.2 (1.2)
12.3 (1.6)
25.1 (2.9)
22.4 (3.0)
26.5 (3.2)
23.4 (3.2)
Semi perenial crops
47.5 (10.5)
10.6 (2.2)
54.9 (13.2)
12.0 (2.5)
59.5 (14.3)
13.0 (2.7)
Perennial crops
20.3 (0.5)
10.7 (1.1)
23.2 (0.6)
12.2 (1.2)
22.5 (0.6)
11.8 (1.2)
Silviculture
16.2 (3.4) 43.1 (16.3)
26.5 (5.7) 72.0 (27.3)
26.2 (5.6) 71.3 (27.0)
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OUTres

OUTlea

OUTgas

OUTero

TOUT

Balance

0
0
0

0
0
0

1.1 (0.0)
1.4 (0.0)
1.4 (0.0)

10.0 (1.0)
11.6 (1.2)
11.8 (1.2)

13.2 (1.0)
15.7 (1.2)
16.0 (1.2)

0.7 (7.5)
-1.4 (7.8)
-2.0 (7.7)

0
0
0

0.6 (0.2)
0.8 (0.3)
1.0 (0.3)

0.7 (0.3)
0.9 (0.5)
1.1 (0.6)

1.6 (0.2)
2.6 (0.3)
3.1 (0.3)

15.2 (2.3)
26.7 (4.1)
28.6 (4.4)

0.0 (3.5)
-1.6 (7.0)
-2.1 (7.6)

0
0
0

1.1 (0.0)
1.0 (0.0)
1.1 (0.0)

1.0 (1.0)
0.9 (0.9)
1.0 (1.0)

10.2 (1.0)
8.8 (0.9)
10.0 (1.0)

22.8 (4.2)
22.7 (4.3)
25.1 (4.7)

24.6 (14.7)
32.2 (17.5)
34.4 (19.0)

0
0
0

0.6 (0.3)
0.7 (0.4)
0.6 (0.4)

0.3 (0.1)
0.3 (0.1)
0.3 (0.1)

2.3 (0.2)
3.0 (0.3)
3.1 (0.3)

13.8 (1.7)
16.1 (2.0)
15.9 (2.0)

6.6 (2.2)
7.1 (2.6)
6.7 (2.6)

0
0
0

0
0
0

0
0
0

6.7 (0.7)
8.4 (0.8)
8.8 (0.9)

49.8 (17.0)
80.3 (28.1)
80.1 (27.9)

-33.5 (20.4)
-53.9 (33.8)
-53.9 (33.5)

Soil nitrogen accumulation or depletion varied at the local scale, as shown in Figure 3.6.
Region 1A is the area with the highest nitrogen accumulation in soil (50- 150 kg.ha-1.yr1

) due to fertilizer application in semi perennial and perennial crops lands and manure in

semi perennial crops. For the same reason, new areas showing nitrogen accumulation
rates (25 - 50 kg.ha-1.yr-1) began to emerge in Region 1B from 2012. The areas with the
highest soil nitrogen depletion were associated with silviculture (-25 - -10 kg.ha-1.yr-1)
mostly in Region 1A and pasture (-25 - -10 kg.ha-1.yr-1) in all regions.
Figure 3.6 Spatio-temporal soil nitrogen balance (kg.ha-1.yr-1), 2000 (a), 2010 (b), and
2012
(c).

Source: Author’s production.
3.4 DISCUSSION
Agricultural intensification and extensification have caused imbalances between nitrogen
inputs and outputs in the Brazilian Cerrado. The soil nitrogen balance trajectory over 2000
to 2012 demonstrates a movement toward a soil nitrogen depletion. In 2000 the balance
shows a slight nitrogen surplus to a condition of nitrogen depletion in 2012. The values
estimated in our analyses are consistent with the findings of Liu et al (2010), who
estimated a negative nitrogen balance in South America in 2000. Nitrogen deficits
indicate that the major part of agricultural and silviculture systems have mined soil
nitrogen and little have been replaced through fertilizers or manures (STOORVOGEL et
al., 1993; VITOUSEK et al., 2009; DAVIDSON et al., 2016). Hence, our findings
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indicate that the reservoir, or stock, of nitrogen in soil may be declining over time, risking
environment health and the sustainability of the Brazilian soil.
The main drivers of the increasingly negative soil nitrogen balance at the biome level are
silviculture, pasture, and annual crops. Intensification and extensification of these uses
are supported by Brazilian agricultural policy and encouraged by international demand
for soybean, meat, and forest products. Brazilian agricultural policies have framed
conditions to increase commodities production by investing in applied agricultural
research and through incentives to farmers. The adoption of new technologies is
encouraged through financial policies, rural extension services, and risk management
mechanisms (as agricultural insurance) (WICKRAMASINGHE, 2012). In addition,
international demand for agricultural commodities increased over the years, due to
population growth, diet preferences and life style changes (KASTNER et al., 2012).
When combined, those factors made the country a powerhouse in international
agricultural trade, with soybean the most profitable of all agricultural exports, followed
by meat and forest products (MENDES, 2016).
Tropical soils are highly weathered, deficient in nitrogen, and prone to degradation
(PALM, 2007), requiring input-intensive processes (RADA, 2013).Without significant
investments in material inputs and improvements in soil nutrient composition and
agricultural practices, tropical soils are readily mined (HENAO & BAANANTE, 2006).
This study indicates that nitrogen mining in annual crops, pasture, and silviculture
systems can be attributed to low nitrogen inputs and high nitrogen outputs caused by
yields and erosion losses. Although the country has strongly advanced in agricultural and
silviculture yields and been able to meet national and international demands, the
production system at the farm level and erosion processes have been partially responsible
for soil nitrogen depletion.
Added to erosion processes, this region becomes a hotspot for land degradation
(SCHERR & YADAV, 1996). Expansion of the agricultural frontier has occurred without
regard for land support capacity and agricultural intensification has happened in more
fragile lands in terms of soil and relief that were previously dedicated to pasture
(GRECCHI et al., 2014). That has led to the intensification of soil degradation and erosion
(GRECCHI et al., 2014) and increaseing annual rates of soil nitrogen loss, risking the
sustainability of the agricultural production at the long-term.
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At the regional or intraregional scales, soil nitrogen balance movement toward soil
nitrogen depletion reflects the mix of land-uses and their processes of changes, as
intensification and extensification, in both agriculturally consolidated regions (1A and
1B) and agricultural frontier (Region 2 - Matopiba, the newer agricultural frontier).
However, at the local scale, nitrogen accumulation or depletion are directly related to
land-use type, according to the difference in magnitude of nitrogen inputs and nitrogen
outputs in each use.
In Regions 1A and 1B, the main changes in land-use have occurred throughout the
different farmland uses, as also observed by Barreto et al. (2013) and Dias et al. (2016).
This is a common pattern for land-use intensification regions, where lands for agriculture
are a constraining resource, usually more expensive than in frontier regions (BARRETO
et al., 2013). However, our study also shows a stronger competition among all land uses,
even more so between food and biofuels. Semi perennial crops, such as sugarcane for
sugar and ethanol production, have vigorously expanded in detriment of annual crops and
pasturelands. One powerfull reason for that is their higher profitability of this use in
consolidated agricultural regions (BARRETO et al., 2013).
In these regions (1A and 1B), the use of fertilizers has improve productivity, leading to
high profits and inducing displacement of less profitable activities. It has also encouraged
expansion of semi perennial and perennial crops. The positive outcome of agricultural
intensification might affect other components of the landscape, such as biodiversity and
ecosystem services, as result of the highest nitrogen accumulation rates of Cerrado are in
these regions.
Soil nitrogen accumulation in agriculturally consolidated regions makes the Brazilian
Cerrado an important trade-off region in the global warming scenario not only by
deforestation but also by fertilizers emissions. The high availability of nitrogen in soils
accelerates nitrous oxide (a potent greenhouse gas) production (SIGNOR et al., 2013) and
promotes nitrogen leaching to groundwater (MARTINELLI et al., 2008) contributing to
nitrogen export into rivers that drain heavily cultivated watershed (FILOSO et al. 2003).
This issue also puts the Cerrado at the center another important global question: how to
meet future food and biofuel needs while protecting biodiversity, and preventing soil and
water degradation.
In the agricultural frontier (Region 2), pasture and annual crops expanded significantly
by displacing natural vegetation (see also BARRETO et al., 2013, and DIAS et al., 2016),
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which usually happens where land is abundant and not expensive (BARRETO et al.,
2013; SOARES-FILHO et al., 2014). Productivity gains caused by investments in
fertilizers may also encourage agricultural expansion where land is not limited. Our
results suggest that nitrogen inputs are supporting crops expansion in this region as a
result of the low nitrogen surplus in the soil. However, the region needs attention due very
fast increase in soil nitrogen depletion in some areas as consequence of erosion processes
caused by agricultural expansion.
Recently, the agricultural frontier in the Cerrado area has been expanding over natural
vegetation, leading to deforestation (MMA, 2015). Forested lands are, usually, less
expensive, and the Brazilian legislation mandates that only at least 20% of native forest
areas are preserved (BRAZIL, 2012). Flat relief, road availability, infrastructure, and
proximity to maritime ports have also encouraged agricultural expansion in the
agricultural frontier (FERREIRA et al., 2013; LAPOLA et al., 2014). Consequently,
unless an effective program on sustainable land management, areas with inefficient
nitrogen management may expand, compromising the agricultural production in the
future.
During the last decade, Brazilian environmental policy prioritized the reduction of
emissions through deforestation and was successful at that. However, it is imperative that
land use systems start to be dealt with as open systems. As long as it is possible to displace
land-use to other regions, environmental conservation actions focused on specific biomes
risk becoming inefficient. Moreover, environmental conservation strategies must
consider the inclusion of other ecosystem services such as biodiversity maintenance,
water resource protection, and soil nitrogen balance. Otherwise, the effective contribution
of planned or adopted policies will remain uncertain. Integrated actions are needed, since
measures focusing on forested areas rich in carbon, such as PNMC (Brazilian Plan about
Climate Change), INDC (Intended Nationally Determined Contributions) and REDD+
(Reduce Emissions from Deforestation and Degradation), may further pressure the
allocation of agriculture toward biomes and natural vegetation of low carbon content,
such as the Cerrado.
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CHAPTER 4 - TRAJECTORIES OF AGRICULTURAL EXPANSION AND
AGRICULTURAL INTENSIFICATION AND THEIR IMPACTS ON SOIL
NITROGEN BALANCE IN THE BRAZILIAN CERRADO
4.1 INTRODUCTION
Land use change processes have been intensified in the tropics (LAMBIN et al., 2003;
GIBBS et al., 2009; LAURENCE et al., 2014) and a large and growing fraction of it is
related to commodities production (GIBBS et al., 2009; LAURENCE et al., 2014;
LAMBIN & MEYFROIDT, 2011). This increase is driven by factors such as world
population growth, current dietary consumption of more meat and dairies, high incomeelasticity, and a growing demand for bioenergy crops (LAURENCE et al., 2014). Due to
the growing concern about sustainability, interventions such as national land use
planning, private and public land use regulations, and global trade agreements (LAMBIN
et al., 2014) have been implemented. The interplay between these drivers has contributed
to the regulation of land use systems in the tropics and will certainly help with future
trends.
In this sense, tropical regions will undoubtedly feel the increasing pressure on resources,
resulting from a globalized world (LAMBIN & MEYFROIDT, 2011). Good quality soil,
water, biodiversity and nutrient elements are all finite resources, and competing claims
on them are global (SDSN, 2013; EU NITROGEN EXPERT PANEL, 2015). Aiming to
understand future changes in land use systems and their implications on natural resources,
several land use models have been developed to explore trajectories of change in Brazil
(DALLA-NORA et al., 2014; CÂMARA et al., 2015; AGUIAR et al., 2016a;
STRASSBURG et al., 2017). The main process assessed is deforestation (FERREIRA et
al., 2013; AGUIAR et al., 2012; DALLA-NORA et al., 2014; AGUIAR et al., 2016;
GOLLNOW et al., 2017) and its implication on biodiversity (Strassburg et al., 2017) and
climate regulation (CÂMARA et al., 2015; AGUIAR et al., 2016a). However, few models
have been developed to explore land use transitions following the deforestation processes
(GOLLNOW et al., 2017), focusing on agricultural production systems and their impacts
on natural resources.
This study investigates trajectories of land use change, with emphasis on agricultural
production systems, and their implications to nitrogen cycle in a dynamic manner. In
order to accomplish that, we developed a spatially explicit modeling approach to represent
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land use changes and soil nitrogen balance for the Brazilian Cerrado, which corresponds
to approximately 24% of Brazil’s total land. We focused on nitrogen because it can be
used as an integrative indicator of agriculture production efficiency and environmental
risks or benefits. Many environmental issues arise due to unbalanced nitrogen in the
natural system. Although nitrogen is a crop-yield limiting factor, its management is not
easy and its lack or excess may affect natural resources. High nitrogen levels may lead to
environmental pollution, whereas low nitrogen levels may lead to soil degradation
(ZHANG et al., 2015; GALLOWAY et al., 2003; GALLOWAY et al., 2008; CLARK et
al., 2008; AUSTIN et al., 2013).
Besides, exploring future trends of agricultural systems expansion in the Brazilian
Cerrado seems to be essential to discover sustainable pathways for agricultural
production. Sparing lands to protect the integrity of ecosystems and its services may be a
way to reach sustainable agricultural development (STRASSBURG et al., 2017). Animal
and crops production could be increased in lands already converted once large yield gaps
are overcome (STRASSBURG et al., 2017). However, increased productivity depends
on knowing what the land use status is (BINDRABAN et al., 2000). The use of nitrogen
as an integrative indicator of the land use status and environment risks or benefits allows
us to explore trajectories that may lead to improvements in agricultural production and
land yield while using natural resources in a sustainable way.

4.2 MATERIAL AND METHODS
The Brazilian Cerrado was divided into two agricultural regions, as presented in Chapter
3. Aiming to investigate how agriculture intensification and extensification will affect the
nitrogen cycle in the Brazilian Cerrado, we developed a land use modeling approach that
represents, in the same environment, changes in land-use, land-cover and soil nitrogen
balance. We built three future trajectories (scenarios A, B, and C) of land use change and
soil nitrogen balance for the year 2050. LuccMe (Land Use and Cover Change Modeling
Environment), developed at National Institute for Space Research (INPE), was the
framework we chose to work with. The following section was divided into (1) modelling
approach and (2) soil nitrogen balance.
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4.2.1 Modeling Approach
Our land-use spatially explicit modeling approach combined a new version of the CLUE
model (VERBURG et al., 1999) implemented in the LuccMe (AGUIAR et al., 2012)
framework, with land use and cover spatial data, potential driving factors of land use
change, agriculture and livestock census data, and projections. The classes of land use
considered were: annual crops (soybean and maize), semi perennial crops (sugarcane),
perennial crops (coffee and citrus), pasture, silviculture, and natural vegetation. The
modeling protocol is presented in three steps: (1) database; (2) model description,
parametrization, and validation; and (3) scenario assumptions.
Land use database
The database considered both dependent variables (land use and cover maps) and
independent variables (spatial driving factors of annual, semi perennial and perennial
crops, pasture, silviculture and natural vegetation). All data were compiled in a GIS
(Geographic Information System) environment and organized in a Geographic Database.
The dependent variables were land use and cover maps produced by the Brazilian Institute
for Geography and Statistics (IBGE, 2015) for the years 2000, 2010, and 2012. The three
original maps were reclassified in order to emphasize the following classes of interest:
Agriculture, Pasture; Silviculture; Natural vegetation and Others, as described in Chapter
3 (Land Use Dataset). The Agriculture class was divided into three classes: annual (soy
and maize), semi perennial (sugarcane), and perennial (coffee and citrus), based on
spatially explicit data on grains (CONAB, 2001, 2011a, 2013a), sugarcane (RUDORFF
et al., 2010), coffee (BERNARDES et al., 2012; MOREIRA et al., 2010; CONAB, 2011b,
2013b) and citrus (MOREIRA et al., 2010) production. After that, all three seven-class
maps (2000, 2010, and 2012) - Pasture, Natural vegetation, Silviculture, Annual crops,
Semi perennial crops, Perennial crops and Others – were decomposed into a regular grid
of 5km x 5km and the percentages of each class were computed for each grid (85,382
cells in total). Land use maps from 2000, 2010, and 2012 were used for statistical analysis,
model calibration, and model validation, respectively.
Municipality-based agricultural censuses (IBGE, 2000a, 2010a, 2012a) were used to
obtain the soybean and maize distribution in the Annual crops class for the years 2000,
2010, and 2012. These data were converted from polygon-based information into grid
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cells of 5km x 5km as in Espindola et al. (2012). This computation assumes that that the
proportion of soybean and maize was uniformly distributed over the Annual Crops class,
in each grid for the years 2000, 2010, and 2012. As for the scenarios, the proportion of
soybean and maize in the Annual crops class was based on EPE projections (EPE, 2014).
Soybean and maize area will increase by 2.38% and 1.18% per year from 2012 to 2050,
respectively. Thus in 2050, we assumed that 66.8% of the Annual crops area will consist
of soybean and 33.2% will consist of maize.
The independent variables were grouped into four types: (1) distance; (2) economic
attractiveness; (3) public policies; and (4) environmental. Distance is related to
accessibility, as in distance to ports, roads, railways, waterway and rivers. Economic
attractiveness makes it possible to include new occupation areas, such as distance from
or presence of sugar-ethanol mills, pulp-paper mills, slaughterhouses, mining companies,
power transmission lines and irrigation pivots, as well as the presence of ports,
waterways, and roads. Public policies is related to governmental actions of environmental
conservation, such as the distance from or the presence of protected areas and indigenous
lands. Environmental is related to land conditions, such as climate, potential agricultural
map, topography, and hydrography. All independent variables were decomposed into a
cellular database of 5km x 5km based on different spatial operators.
Model description, parametrization, and validation
We developed a land-use modeling approach for the Brazilian Cerrado by using an opensource framework, the LuccMe, for the development of spatially explicit land-use and
cover models (AGUIAR et al., 2012). LuccMe was developed at INPE and built as an
extension to the TerraMe programming environment (CARNEIRO et al 2013). This
framework allows us to create deforestation, agricultural expansion, desertification, forest
degradation, and urban sprawl, spatial models at different scales and areas of study,
combining existent model components and/or creating new ones (AGUIAR et al, 2012;
AGUIAR et al., 2016a; AGUIAR et al., 2016b).
A common structure can be identified in the land use and cover change models
(VERBURG, 2006). In general, there are three model components: (1) Demand,
responsible for the calculation of the magnitude of change; (2) Potential, responsible for
the calculation of the suitability or propensity of change for each cell; and (3) Allocation,
responsible for the spatial distribution of changes based on land demand and potential of
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change for each cell. Besides, all components are organized in a top-down manner, in
which the demand is allocated according to cell suitability (DALLA-NORA et al., 2014;
AGUIAR et al., 2016a; AGUIAR et al., 2016b).
The demand component (PreComputedValues) was calculated based on the observed
expansion rate of farmland, silviculture and deforestation in the 2000-2012 period, from
land use and cover maps. For the scenarios, the demand was based on different
assumptions, as described in the Scenarios storylines section and Tables 4.2 and 4.3. The
allocation component (AllocationClueLike) was modified to include the demand in
proportion to the potential of each cell. The potential component (SpatialLagRegression)
was accounted for by spatial autocorrelation (AGUIAR et al., 2012), allowing for
dynamic updates at each time step.
Model parametrization was done by conducting an exploratory analysis that selected the
most relevant independent variables for each land-use classe in the year 2000. First,
correlation analysis was performed to identify highly correlated independent variables
(over 50%). Subsequently, those were removed from the modeling protocol. Then, an
automatic linear regression with stepwise variable selection mode was applied to discard
non-significant variables. Different groups of variables were tested and selected based on
their coefficient of determination, R2. Exploratory analysis and linear regressions were
carried out in the RStudio. Afterwards, we conducted a spatial regression, SpatialLag, for
each resulting group of variables. The variables with low significance were excluded and
the resulting groups were analyzed. The final variable groups were those that had the
highest R2 and high significance for the model as a whole. We used GeoDa software for
this step. Finally, the final variable groups and their coefficients were used to
parameterize the LuccMe/Cerrado-N model and the simulations were performed. In the
model, several iterations were performed at each time step to allocate the calculated
demand value in the 5km x 5km resolution based on each cell´s potential
(SpatialLagRegression). The model ran in annual time step from 2000 to 2010 to calibrate
and adjust model parameters. Figures A.1 – A.6 (Appendix) show the independent
variables selected for each land use. Table 4.1 presents LuccMe general description,
independent variables and their coefficients, and potential parameters.
In order to establish its capacity to consistently represent changes in land use and cover,
we validated the LuccMe/Cerrado-N model. The validation methods consisted of
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comparing the land use and cover map observed in the year 2012 with the simulated map
for the same year. The comparison between observed and simulated maps shows how
efficient the model is in representing the evaluated systems (PONTIUS, 2002). We used
the Analysis of Multiple Resolution (CONSTANZA et al., 1989; PONTIUS, 2002)
validation method, which allows for the quantification of erros in the allocation pattern at
different patterns. Based on the adjusted model, we ran the different scenarios from 20132050. Table 4.1 details the final LuccMe Potential (SpatialLagRegression), Table 4.2
shows Allocation (ClueLikeAllocation), and Table 4.3 presents Demand components
(PreComputedValues).
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Table 4.1. LuccMe/Cerrado-N general description and potential parameters.
General parameters
Spatial scale
Temporal scale

Land use / cover classes

Extent
Brazilian Cerrado area (MMA 2015)
Resolution
Regular cells of 5 x 5 km2
Extent
2013-2050 (scenarios)
Resolution
Yearly
Calibration/Validation
2000-2010-2012 (IBGE, 2015)
Percent of natural vegetation, pasture, silviculture, annual crops, semi perennial crops, perennial crops and others (urban
zones, road systems, non-agricultural systems, continental water bodies, coastal water bodies, and uncovered lands (e.g.
rocky outcrops and sand dunes) in the cell.

Potential: SpatialLagRegression parameters
Selected natural vegetation
spatial drivers
W_use00_4
Spatial autoregressive coefficient
Constant
Regression constant
Percentage of cell area covered by a slope flat (up to 3%) in
percdecl_3
each cell (VALERIANO et al., 2009)
Euclidean distance to the closest paved and unpaved road lrod_d_tod
log10 transformed (DNIT, 2013)
Presence of Protected Areas and Indigenous land (MMA, 2015;
ti_2000_p
FUNAI, 2015)
min_2000_p
Presence of timber extraction and processing centre
hgrafia_d
Euclidean distance to the closest river (ANA, 2010)

*dynamic variable.
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Scenario
dependent

Y*

Std B
Significance
0.9073185
0.000
0.1181064
0.000
-0.188645

0.000

0.02398592

0.000

0.02600939
-0.02825637
-0.0000004136858

0.000
0.000
0.000

Table 4.1. LuccMe/Cerrado-N general description and potential parameters (continued).
Potential: SpatialLagRegression parameters
Selected pasture spatial drivers
W_use00_1
Spatial autoregressive coefficient
Constant
Regression constant
percdecl_3
frigo_d
lrod_d_tod
hgrafia_d

Scenario dependent

Std B
Significance
0.8837113
0.000
-0.03043586
0.000

Percentage of cell area covered by a slope flat (up to 3%) in each
cell (VALERIANO et al., 2009)
Euclidean distance to the closest slaughterhouse (LAPIG, 2016)

0.1415314
0.00000004068182

0.000
0.000

Euclidean distance to the closest paved and unpaved road - log10
transformed (DNIT, 2013)
Euclidean distance to the closest river (ANA, 2015)

-0.01781405
0.000000522762

0.000
0.000

Selected silviculture spatial drivers
W_use00_2
Constant
ferro_2000
Celulose
hgrafia_d

Spatial autoregressive coefficient
Regression constant
Euclidean distance to the closest railways (DNIT, 2013)
Euclidean distance to the closest pulp-paper mills (CTBE, 2013)
Euclidean distance to the closest river (ANA, 2010)

Scenario dependent

Std B
Significance
0.8503611
0.000
0.006356088
0.000
0.000000003336829
0.003
-0.00000000803281
0.000
0.00000008350324
0.000

percdecl_8

Percentage of cell area covered by a slope flat (> 3% and ≤ 8%)
in each cell (VALERIANO et al., 2009)

-0.007357911
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0.000

Table 4.1. LuccMe/Cerrado-N general description and potential parameters (continued).
Potential: SpatialLagRegression parameters
Selected annual crops spatial drivers
Scenario dependent
W_use00_5
Constant
percdecl_8
ti_2000_p
lrod_d_tod
hgrafia_d
solo_1

Spatial autoregressive coefficient
Regression constant
Percentage of cell area covered by a slope flat (> 3% and ≤
8%) in each cell (VALERIANO et al., 2009)
Presence of Protected Areas and Indigenous land (MMA,
2015; FUNAI, 2015)
Euclidean distance to the closest paved and unpaved road log10 transformed (DNIT, 2012)
Euclidean distance to the closest river (ANA, 2010)
Presence of suitable soil for agriculture (IBGE, 2002)

Std B
Significance
0.8968881
0.000
0.01906389
0.000
-0.03236881

0.000

-0.004086402

0.000

-0.003525084
0.0000001518448
0.003551268

0.000
0.000
0.000

Selected semi perennial crops spatial drivers
W_use_6
Constant
usin000_d
portos_d
percdecl_3
lrod_d_pav
ferro_2000

Scenario dependent
Spatial autoregressive coefficient
Regression constant
Euclidean distance to the closest sugar-ethanol mills (MMA, 2015)
Euclidean distance to the closest ports (DNIT, 2012)
Percentage of cell area covered by a slope flat (up to 3%) in
each cell (VALERIANO et al., 2009)
Euclidean distance to the closest paved road - log10
transformed (DNIT, 2012)
Euclidean distance to the closest railways (DNIT, 2013)
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Std B
Significance
0.9127246
0.000
-0.006017116
0.000
-0.000000007240436
0.000
-0.000000002177284
0.000
0.004481676

0.000

0.001342927
-0.000000001783443

0.000
0.005

Table 4.1. LuccMe/Cerrado-N general description and potential parameters (continued).
Potential: SpatialLagRegression parameters
Selected perennial crops spatial drivers
Scenario dependent
W_use00_7
Constant
hgrafia_d
percdecl_8
lrod_d_tod
pivo_p

Spatial autoregressive coefficient
Regression constant
Euclidean distance to the closest river (ANA, 2010)
Percentage of cell area covered by a slope flat (> 3% and ≤
8%) in each cell (VALERIANO et al., 2009)
Euclidean distance to the closest paved and unpaved road log10 transformed (DNIT, 2012)
Euclidean distance to the closest irrigation pivot (EMBRAPA, 2013)
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Std B
Significance
0.8357644
0.000
0.001860638
0.000
0.00000003393153
0.000
-0.001602238

0.000

-0.0004057246
0.001775506

0.000
0.000

Table 4.2 LuccMe/Cerrado-N allocation parameters.
Allocation: ClueLikeAllocation parameters
Natural vegetation allocation parameters
maxError
minValue
maxValue

ChangeLimiarValue

minChange
maxChange
MaxChangeAboveLimiar

Maximum allocation error allowed for each land use

Scenario A Scenario B Scenario C
300 km2
300 km2
300 km2

Minimum value (percentage) allowed for that land use as a result of new changes

20%

20%

20%

Maximum value (percentage) allowed for that land use as a result of new changes

100%

100%

100%

Threshold applied to the level of saturation in each cell. The saturation level is
dynamically computed according to the available natural vegetation in the
neighborhood, deconsidering the protected areas. The speed of change of a given land
use in the cell is modified according to the threshold.

100%

100%

100%

12%

12%

12%

75%

75%

75%

0%

0%

0%

Minimum change in a given land use in a cell in a time step until (saturation) threshold
Maximum change in a given land use allowed in a cell in a time step until (saturation)
threshold
Maximum change in a given land use allowed in a cell in a time step after (saturation)
threshold

70

Table 4.2 LuccMe/Cerrado-N allocation parameters (continued).
Allocation: ClueLikeAllocation parameters
Pasture allocation parameters
maxError

Maximum allocation error allowed for each land use
Minimum value (percentage) allowed for that land use as a result of new
minValue
changes
Maximum value (percentage) allowed for that land use as a result of new
maxValue
changes
Threshold applied to the level of saturation in each cell. The saturation level is
dynamically computed according to the available pasture in the neighborhood.
ChangeLimiarValue
The speed of change of a given land use in the cell is modified according to the
threshold.
Minimum change in a given land use in a cell in a time step until (saturation)
minChange
threshold
Maximum change in a given land use allowed in a cell in a time step until
maxChange
(saturation) threshold
Maximum change in a given land use allowed in a cell in a time step after
MaxChangeAboveLimiar
(saturation) threshold

71

Scenario A Scenario B Scenario C
300 km2
300 km2
300 km2
0%

0%

0%

80%

80%

100%

100%

100%

100%

10%

10%

10%

80%

80%

80%

0%

0%

0%

Table 4.2 LuccMe/Cerrado-N allocation parameters (continued).
Allocation: ClueLikeAllocation parameters
Silviculture allocation parameters
maxError

Maximum allocation error allowed for each land use
Minimum value (percentage) allowed for that land use as a result of new
minValue
changes
Maximum value (percentage) allowed for that land use as a result of new
maxValue
changes
Threshold applied to the level of saturation in each cell. The saturation level is
dynamically computed according to the available silviculture in the
ChangeLimiarValue
neighborhood. The speed of change of a given land use in the cell is modified
according to the threshold.
Minimum change in a given land use in a cell in a time step until (saturation)
minChange
threshold
Maximum change in a given land use allowed in a cell in a time step until
maxChange
(saturation) threshold
Maximum change in a given land use allowed in a cell in a time step after
MaxChangeAboveLimiar
(saturation) threshold
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Scenario A Scenario B Scenario C
300 km2
300 km2
300 km2
0%

0%

0%

80%

80%

100%

100%

100%

100%

12%

12%

12%

73%

73%

73%

0%

0%

0%

Table 4.2 LuccMe/Cerrado-N allocation parameters (continued).
Allocation: ClueLikeAllocation parameters
Annual crops allocation parameters
Scenario A Scenario B Scenario C
300 km2
300 km2
300 km2

maxError

Maximum allocation error allowed for each land use

minValue

Minimum value (percentage) allowed for that land use as a result of new changes

0%

0%

0%

maxValue

Maximum value (percentage) allowed for that land use as a result of new changes

80%

80%

100%

100%

100%

100%

13%

13%

13%

57%

57%

57%

0%

0%

0%

Threshold applied to the level of saturation in each cell. The saturation level is
dynamically computed according to the available annual crops in the neighborhood.
ChangeLimiarValue
The speed of change of a given land use in the cell is modified according to the
threshold.
Minimum change in a given land use in a cell in a time step until (saturation)
minChange
threshold
Maximum change in a given land use allowed in a cell in a time step until
maxChange
(saturation) threshold
Maximum change in a given land use allowed in a cell in a time step after
MaxChangeAboveLimiar
(saturation) threshold
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Table 4.2 LuccMe/Cerrado-N allocation parameters (continued).
Allocation: ClueLikeAllocation parameters
Semi perennial crops allocation parameters
Scenario A Scenario B Scenario C
300 km2
300 km2
300 km2

maxError

Maximum allocation error allowed for each land use

minValue

Minimum value (percentage) allowed for that land use as a result of new changes

0%

0%

0%

maxValue

Maximum value (percentage) allowed for that land use as a result of new changes

80%

80%

100%

100%

100%

100%

12%

12%

12%

57%

57%

57%

0%

0%

0%

Threshold applied to the level of saturation in each cell. The saturation level is
dynamically computed according to the available semi perennial crops in the
ChangeLimiarValue
neighborhood. The speed of change of a given land use in the cell is modified
according to the threshold.
Minimum change in a given land use in a cell in a time step until (saturation)
minChange
threshold
Maximum change in a given land use allowed in a cell in a time step until
maxChange
(saturation) threshold
Maximum change in a given land use allowed in a cell in a time step after
MaxChangeAboveLimiar
(saturation) threshold
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Table 4.2 LuccMe/Cerrado-N allocation parameters (continued).
Allocation: ClueLikeAllocation parameters
Perennial crops allocation parameters
Scenario A Scenario B Scenario C
300 km2
300 km2
300 km2

maxError

Maximum allocation error allowed for each land use

minValue

Minimum value (percentage) allowed for that land use as a result of new changes

0%

0%

0%

maxValue

Maximum value (percentage) allowed for that land use as a result of new changes

80%

80%

100%

100%

100%

100%

12%

12%

12%

59%

59%

59%

0%

0%

0%

Threshold applied to the level of saturation in each cell. The saturation level is
dynamically computed according to the available perennial crops in the
ChangeLimiarValue
neighborhood. The speed of change of a given land use in the cell is modified
according to the threshold.
Minimum change in a given land use in a cell in a time step until (saturation)
minChange
threshold
Maximum change in a given land use allowed in a cell in a time step until
maxChange
(saturation) threshold
Maximum change in a given land use allowed in a cell in a time step after
MaxChangeAboveLimiar
(saturation) threshold
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Table 4.3 LuccMe/Cerrado-N demand parameters.
Demand: PreComputed values
Natural vegetation rates (km2/year)

Scenario A
Increasing from 974,950 km2
(2012) to 1,038,950 km2 (2030)
and stabilizing until 2050
Scenario A
Decreasing from 903,092 km2
(2012) to 572,488 km2 (2050)

Scenario B
Decreasing from 974,950 km2
(2012) to 774,950 km2 (2050)

Scenario C
Decreasing from 974,950 km2
(2012) to 574,950 km2 (2050)

Scenario B
Decreasing from 903,092 km2
(2012) to 836,488 km2 (2050)

Scenario C
Decreasing from 903,092 km2
(2012) to 783,846 km2 (2050)

Scenario A
Increasing from 20,273 km2
(2012) to 43,026 km2 (2050)
Scenario A
Increasing from 150,776 km2
(2012) to 368,559 km2 (2050)

Scenario B
Increasing from 20,273 km2
(2012) to 43,026 km2 (2050)
Scenario B
Increasing from 150,776 km2
(2012) to 368,559 km2 (2050)

Scenario C
Increasing from 20,273 km2 (2012)
to 53,783 km2 (2050)
Scenario C
Increasing from 150,776 km2 (2012)
to 592,327 km2 (2050)

Semi perennial crops rates (km2/year)

Scenario A
Increasing from 42,367 km2
(2012) to 67,167 km2 (2050)

Scenario B
Increasing from 42,367 km2
(2012) to 67,167 km2 (2050)

Scenario C
Increasing from 42,367 km2 (2012)
to 78,348 km2 (2050)

Perennial crops rates (km2/year)

Scenario A
Increasing from 9,519 km2
(2012) to 10,789 km2 (2050)

Scenario B
Increasing from 9,519 km2
(2012) to 10,789 km2 (2050)

Scenario C
Increasing from 9,519 km2 (2012)
to 17,724 km2 (2050)

Pasture rates (km2/year)

Silviculture rates (km2/year)

Annual crops rates (km2/year)
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Scenarios storylines
Scenarios are ‘plausible, challenging, and relevant stories about how the future might
unfold, which can be told in both words and numbers. Scenarios are not forecasts,
projections, predictions, or recommendations. They are about envisioning future
pathways and accounting for critical uncertainties (RASKIN et al., 2005). Scenarios
approach is a valuable tool in the environmental area due to concerns about climate
change, water availability, ecosystems functioning, air quality and land use changes
(WILKINSON & EIDINOW, 2008; FOLHES et al., 2015). Here, we built three scenario
storylines for the Brazilian Cerrado, focusing on consequences of agricultural
intensification and extensification on the soil nitrogen balance. The scenarios
assumptions were built based on Aguiar et al (2016), also applied by Tejada et al (2016).
This approach combines exploratory (‘where are we plausibly heading to?’ ) and
normative (‘what do we want and how do we get there?’) scenario approaches (AGUIAR
et al., 2016). In general, scenario A (sustainability) is highly developed, both
socioeconomically and environmentally, whereas scenarios B (middle of the road) and C
(fragmentation and chaos) are characterized by medium and low socioeconomic and
environmental development, respectively (AGUIAR et al., 2016). Table 4.4 and Table
4.5 present the boundary conditions and elements used in each scenario.
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Table 4.4 General boundary conditions used in the sustainability (A), middle of the road
(B), and fragmentation (C) scenarios.
Item
General
Descrition

Sustainability
scenario (A)
High socioeconomic
and environmental
development.

1)
Environmental
law
enforcement

Restoration of priority
areas and
environmental debts
(Forest Code), without
further natural
vegetation removal.
Cerrado environmental
debt is 6.4 Mha
(SOARES FILHO et al.
2014).

2) Protected
areas

Protected areas
increase to 30% of the
cerrado areas
(surpassing AICH
target) (MMA, 2016).
Increase in productivity
gains and area
expansion to meet high
global and internal
demand associated with
sustainable agriculture.

3) Demand for
agricultural
products and
productivity
(are on the
Table 4.5).

Middle of the road
scenario (B)
Medium
socioeconomic and
environmental
development.
Forest Code
conservation measures
are respected, but
additional
society/market
deforestation control
mechanisms are also in
place. As a result, half
of the area potentially
available to deforest by
law (net balance of 40
Mha) is converted to
the expansion of crops
and pasture. Forest
Code Restoration
(Legal Reserves and
Permanet Protection
Areas) targets are
reached by
compensation
mechanisms, such as
remote forest quotas,
instead of local
restoration.
Protected areas
increase to at least 17%
(AICH target 11)
(MMA, 2016).

Fragmentantion
scenario (C)
Low socioeconomic
and environmental
development.

Increase in productivity
gains and area
expansion to meet high
global and internal
demand associated to
sustainable with
conventional
agricultural practices.

Not all actors are able
to improve
productivity. On
average, only a small
increase is noticed.
Sustainable and
conventional
agricultural practices
are applied.
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Expansion of pasture
and agricultural areas
over the natural
vegetation follow
current trends. Little
respect to the Forest
Code, mainly as
expansion areas
become scarce.
Deforestation control
measures are
descontinued.

Only 8% of the Cerrado
remains protected.

Tabela 4.5 Detailed boundary conditions regarding the demand for agricultural products
and productivity (Item 3, Table 4.4) used in the sustainability (A), middle
of the road (B), and fragmentation (C) scenarios.
Item 3 Detailed - Demand for agricultural products and productivity
Sustainability
Middle of the road
Fragmentation
scenario (A)
scenario (B)
scenario (C)
3.1
Increase in productivity Increase in productivity Only a small increase in
Productivity
and area of annual
and area of annual
productivity of crops and
(kg.ha-1) and
crops and semicrops and semisilviculture is noticed.
area (km2) of
perennial crops from
perennial crops from
Annual and semicrops and
2013 to 2050 are based 2013 to 2050 are based perennial crops
silviculture
on EPE (2014).
on EPE (2014).
production from 2013 to
Increase in productivity Increase in productivity 2050 are based on EPE
and area of silviculture and area of silviculture (2014). Silviculture and
and perennial crops
and perennial crops
perennial crops
from 2013 to 2050 are
from 2013 to 2050 are
production from 2013 to
based on MCTIC
based on MCTIC
2050 are based on
(2017). Crops and
(2017). Crops and
MCTIC (2017). Crops
silviculture expand over silviculture expand over and silviculture expand
pasturelands. See the
pasturelands and
over pasturelands and
increase in each land
natural vegetation. See
natural vegetation. See
use area in Figure A.7
the increase in each
the increase in each land
(Appendix).
land use area in Figure
use area in Figure A.7
A.7 (Appendix).
(Appendix).
3.2 Stocking
Pasture stocking rate
Pasture stocking rate
Pasture stocking rate
rates (head.ha-1) reaches 2.74 (head.ha-1) reaches 1.88 (head.ha-1) follows the trend from
and area (km2)
in 2050 based on
in 2050. Degraded
the 2000-2012 period
of pasture
Strassburg et al (2014). pasture recovery of 1.7 and reaches 0.92
Pasture stocking rates
Mha per year by 2020
(head.ha-1) in 2050.
increase due to
(BRASIL, 2012).
There is no degraded
considerable
Pasture area decreases
pasture recovery.
technological evolution from 2012 to 2050.
Pasture area decreases
available to all
from 2012 to 2050.
producers. Degraded
pasture recovery of 1.7
Mha per year by 2020
(BRASIL, 2012). From
2021 to 2050, degraded
pasture recovery of 1.4
Mha per year. Pasture
area decreases from
2012 to 2050.
3.3 Soil
Agricultural expansion Agricultural expansion Agricultural expansion
management
and intensification
and intensification
and intensification adopt
practices
adopt sustainable
adopt conventional
conventional (deep
agricultural practices
(deep plowing,
plowing, subsoiling, or
such as no-tillage,
subsoiling, or disk) and disk) and sustainable
terracing, and level
sustainable agricultural agricultural practices.
curves.
practices.
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Tabela 4.5 Detailed boundary conditions regarding the demand for agricultural products
and productivity (Item 3, Table 4.4) used in the sustainability (A), middle
of the road (B), and fragmentation (C) scenarios (continued).
Item 3 Detailed - Demand for agricultural products and productivity
Sustainability
Middle of the road
Fragmentation
scenario (A)
scenario (B)
scenario (C)
3.4 Nitrogen
Nitrogen use is
Nitrogen use is not
Nitrogen use is not
use
efficient, according to
efficient.
efficient.
plant threshold.
Biological nitrogen
Biological nitrogen
Biological nitrogen
fixation occurs in 10%
fixation occurs in 100%
fixation occurs in 30%
of maize area, 100% of of soybean and 100% of
of maize area, 100% of soybean area and 100% sugarcane area.
soybean area, 100% of
of sugarcane area.
sugarcane area and 10% Degraded pasture
of silviculture area.
recovery of 1.7 Mha per
Degraded pasture
year by 2020 (BRASIL,
recovery of 1.7 Mha per 2012) using nitrogen
year by 2020 (BRASIL, fertilizer in an
2012) and 1.4 Mha per
inefficient way.
year by 2050 using
biological nitrogen
fixation.

The quantification of the sustainability scenario (A) assumes (A.1, Table 4.4) that
institutional and political conditions would favor a ‘zero (nonauthorized) deforestation
rate from 2012, surpassing the current Brazilian Forest Code regulation. This scenario
also assumes the regeneration of all illegally deforested areas located in private properties
(Legal Reserve – LR and Permanent Protection Areas – PPA) through restoration
mechanisms laid down in the Brazilian Forest Code (AGUIAR et al., 2016). Soares-Filho
et al (2014) measured the total deforested areas to be regenerated in the Cerrado, 6.4 Mha.
Through restoration mechanisms, natural vegetation areas will have increased since 2013,
reaching their highest level in 2030. (A.2, Table 4.4) Institutional mechanisms will be in
place to create and consolidate protected areas to 30% of the Cerrado by 2025, especially
those with particular importance for biodiversity and ecosystem services, surpassing
Brazil’s Biodiversity Strategy and Action Plan, Target 11 (MMA, 2016). Thus, 100% of
priority areas extremely important for biodiversity conservation became protected areas,
as well as, about 3% of priority areas with high importance for biodiversity conservation
(MMA, 2017). (A.3, Table 4.4) Demand for areas and productivity gains of crops and
silviculture will follow current Brazilian projections (EPE, 2014; MCTIC, 2017).
Expansion and intensification of crops and silviculture will be associated with sustainable
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agriculture practices. It will be achieved based on four elements, as presented in Table
4.5:
(A.3.1) Area and productivity estimates for annual and semi-perennial crops will follow
Empresa de Pesquisa Energética’s projections (EPE, 2014). Area and productivity
estimates for silviculture and perennial crops will follow MCTIC’s projections (MCTIC,
2017). Both projections were chosen to build the scenarios due to their greater
information availability. We adopted EPE and MCTIC projections (EPE, 2014) because
they are the official Brazilian projections, with estimates of production, area and
productivity from 2013 to 2050, and in line with other projections, such as FIESP’s, from
2013 to 2023. In this scenario, crops and silviculture will only expand over pasturelands,
decreasing these areas from 2012. (A.3.2) Since pasture area will decline from 2012 to
2050, we assumed that bovine stocking rate will reach 2.74 (head.ha-1.yr-1) in 2050
(STRASSBURG et al., 2014), which amounts to about 157 million cattle heads for the
Cerrado. Brazilian projections indicate that the country will have 342 million cattle heads
in 2050 (EPE, 2014), with 1.21 bovine heads per hectare (MCTIC, 2017). According to
Strassburg et al. (2014), recovered pasture in Brazil is able to received 2.74 head.ha-1.yr1

, its carrying capacity. Degraded pasture will be recovered in 1.7 Mha per year by 2020,

according to ABC Brazilian Plan (BRASIL, 2012). From 2021 to 2050, it will have
recovered 1.4 Mha per year. (A.3.3) Agricultural expansion and intensification will carry
out sustainable agricultural practices in all agricultural lands to reduce erosion processes,
such as no-tillage, terracing, and contour curves. Thus, scenario A assumes soil erosion
rates from 2013 to 2050 will remain equal to 2012 (A.3.4). Efforts will be made to develop
best management practices aiming to improve nitrogen use efficiency (NUE) and reduce
nitrogen losses. Adequate fertilization strategies will be adopted, such as application rates
based on the demand of nitrogen by plants and the ability of soil to supply nitrogen. In
this context, in scenario A, we will use nitrogen in a more efficient way to recover pasture
and produce crops and silviculture, and agricultural technologies will be used to decrease
nitrogen fertilization rates and increased biological nitrogen fixation. At the same time,
agricultural productivity gains will be met. Thus, 77% (55.6 M ha) of pasture area will be
recovered by biofixation; 30% of maize area will be inoculated with nitrogen fixing
bacteria; 10% of silviculture area will be planted with nitrogen-fixing trees; and 100% of
soybean and 100% of sugarcane plantations will fix nitrogen. The nitrogen inputs and

81

outputs used in the scenarios are presented in the next section (Soil nitrogen balance) and
in Table 4.6.
The middle of the road scenario (B) assumes (B.1, Table 4.4) the Brazilian Forest Code
will be abided by. Only 20 Mha of the legally available forest will be used to meet the
global and national demand for food, fibre, and biofuels. The regularization of the Legal
Reserves will occur through the compensation mechanism in the same biome, as also
allowed by the Forest Code (AGUIAR et al., 2016). (B.2, Table 4.4) Institutional
mechanisms will be in place to create and consolidate protected areas to 17% of the
Cerrado by 2025, especially those with particular importance for biodiversity and
ecosystem services, in line with Brazil’s Biodiversity Strategy and Action Plan, Target
11 (MMA, 2016). Thus, it was assumed that about 9% of priority areas extremely
important for biodiversity conservation will become protected areas (MMA, 2017). (B.3,
Table 4.4) Demand for agricultural and silviculture areas and productivity will follow
Brazilian projections (EPE, 2014; MCTIC, 2017) and be associated with sustainable and
conventional agricultural practices. That will be achieved based on four elements (see
also Table 4.5):
(B.3.1) Area and productivity estimates are the same described for scenario A. However,
crops and silviculture will expand over pasturelands and natural vegetation, leading to
their reduction from 2012. (B3.2) Bovine stocking rate will reach 1.88 head.ha-1.yr-1,
which amounts to about 157 million cattle heads in the Cerrado. Degraded pasture will
be recovered in 1.7 Mha per year by 2020, according to ABC Brazilian Plan (BRASIL,
2012). (B3.3) Agricultural expansion and intensification will carry out sustainable (notillage, terracing, and level curves) and conventional (deep plowing, subsoiling, or disk)
agricultural practices. Thus, in scenario B, the increase of soil erosion rates from 2013 to
2050 will be similar to the one from 2000 to 2012. (B.3.4) Efforts will not be made to
develop best management practices, improving nitrogen use efficiency and reducing
nitrogen losses. Thus, nitrogen fertilization rates in 2050 will be similar to the one from
2000 to 2012 for crops and silviculture, however, it will have increased according to
productivity gains. The use of agricultural technologies in decreasing nitrogen
fertilization rates will be limited. As a result, only 10% of the maize area will be
inoculated with nitrogen fixing bacteria; and 100% of the soybean and 100% of the
sugarcane plantations will fix nitrogen. Pasture areas (16%, i.e. 13.6 M ha) will be
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recovered with nitrogen fertilization (100 kgN.ha-1.yr-1), as suggested by Brazilian ABC
Plan (BRASIL, 2012).
The fragmentation scenario (C) assumes (C.1, Table 4.4) that agricultural expansion will
occur at the expense of environmental protection. Compliance to the Brazilian Forest
Code will be low and 40 Mha of the legally available forest will be used to meet global
and national demand for food, fibre, and biofuels by 2050. (C.2, Table 4.4) There will be
no institutional efforts to create protected areas (LR and PPA), with only 8% of the
Cerrado being protected. (C.3, Table 4.4) From 2013 to 2050, crops and silviculture
production will follow Brazilian projections by EPE and MCTIC (EPE, 2014; MCTIC,
2017), but productivity gains will be insignificant. Agriculture will be associated with
sustainable and conventional agricultural practices. It will be achieved based on four
elements (see also Table 4.5):
(C.3.1) Only a small increase in productivity of crops and silviculture is noticed. Thus,
silviculture and crops productivity are based on the average for the 2000-2012 period.
Annual and semi-perennial crops production is based on EPE (2014) from 2013 to 2050.
Silviculture and perennial crops production is based on MCTIC (2017) from 2013 to
2050. With little productivity gains, areas of crops and silviculture will be larger in this
scenario than in the A and B scenarios. Crops and silviculture areas will expand over
natural vegetation and pasture. (C.3.2) Pasture stocking rate will follow the trend from
the 2000-2012 period and reach 0.92 (head.ha-1) in 2050, which amounts to 72 M cattle
heads. Scenario C assumes that there will be a leakage of livestock to other Brazilian
biomes. Degraded pasture will not be recovered. (C.3.3) Agricultural expansion and
intensification will carry sustainable and conventional agricultural practices, as described
in scenario B. Thus, the increase in soil erosion rates from 2013 to 2050 will be similar
to the one from 2000 to 2012. (C.3.4) Efforts will not be made to develop best
management practices, improving nitrogen use efficiency and reducing nitrogen losses.
Nitrogen fertilization rates in 2050 will be equal to the ones from the 2000-2012 period
for crops and silviculture, as it was assumed that there will be no productivity gains. The
use of agricultural technologies in decreasing nitrogen fertilization rates will be limited.
As a result, 100% of soybean and 100% of sugarcane plantations will fix nitrogen.
In general, the modeling exercises that we performed are useful in showing how present
and future decisions could affect soil nitrogen balance in the Brazilian Cerrado. However,
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a real-life scenario would be a combination of the three scenarios presented herein,
depending on the institutional conditions and agricultural practices in place.
4.2.2 Nitrogen database
Soil nitrogen balance - Soil nitrogen balance was estimated for the year 2050 for
scenarios A, B, and C. The methodology was based on several references (LIU et al.,
2010, STOORVOGEL & SMALING, 1998; SMALING et al., 1993). As explained in
Chapter 3, soil nitrogen balance is an agri-environmental indicator calculated from the
total nitrogen inputs (IN) minus total nitrogen outputs (OUT) on the agricultural soil;
where IN is divided into four factors and OUT is divided into five factors, as shown in
Eqs 7 and 8. A positive nitrogen balance, or surplus, indicates potential environmental
problems, such as nitrogen emission and leaching, whereas a negative balance indicates
excess outputs or decline in soil fertility. This approach does not take into account the
amount of nitrogen stored in the soil. The soil covers considered were pasturelands,
annual crops, semi perennial crops, perennial crops, and silviculture.
IN = INfer + INman + INdep + INfix

4.1

OUT = OUTcrop/prod + OUTres/man + OUTlea + OUTgas + OUTero

4.2

Where, for nitrogen:
IN and OUT - total input and output; INfer: mineral fertilizer input; INman: manure input
in crops and silviculture (in pasture INman is not considered an input because it is an
internal process); INdep: wet and dry atmospheric deposition; INfix: biological fixation.
OUTcrop/prod: output from crops, wood harvested and animal products; OUTres/man: output
from crops, wood residues and manure exported from pasture; OUTlea: output from
leaching; OUTgas: output from gaseous losses; and OUTero: output from erosion.
The nitrogen inputs and outputs initially used in the soil nitrogen balance for each
scenario are presented in the Table 4.6. All values were obtained from literature. Nitrogen
inputs and outputs are expressed in kilograms per hectare per year (kgN.ha-1.yr-1). In
general, nitrogen inputs and outputs vary in space and time under Brazilian field
conditions due to a diversity of landscape physical elements, soil chemical variety, and
climate. However, in this study, a generalization was necessary for establishing soil
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nitrogen balance, given the large dimension of the study area (206 Mha) and the annual
periodicity of the nitrogen input and output data.

85

Table 4.6. Average rates of nitrogen-input and nitrogen-output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture for the Brazilian Cerrado
used in the land-use scenarios, sustainable (A), middle of the road (B), and fragmentation (C).
Input

Land-use

Agro system
Soybean

Scenario A
kgN.ha-1.yr-1

Source

Scenario B
kgN.ha-1.yr-1

Source

Scenario C
kgN.ha-1.yr-1

0

Hungria et al. (2013)

0

Hungria et al. (2013)

0

Annual crop

Semi perennial
crop

Maize

140

Silva et al 2011;
Farinelli & Lemos
(2012)

Sugarcane

60

Otto et al. (2016);
Franco et al. (2010)

140

112.5

Alves et al. (2006);
Cruvinel et al. (2011);
Ribeiro et al. (1999); Mar et
al 2003

110

Rosseto et al., 2005

102.5

Vitti et al. (2007); Vitti et
al. (2002); Cantarella et al.
(2008); Silva et al 2017

Coffee

400

Bortolloto et al.
(2012)

400

Bortolloto et al.
(2012)

273

Citrus

200

Boaretto et al. (2007)

200

Boaretto et al. (2007)

200

Stape et al. (2010)

125

Silviculture

Silviculture

Pasture

Pasture

156.3

0

Stape et al. (2010)

156.3

Oliveira et al. (2005)

100
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Mendes et al. (2007);
Crispino et al. (2001)

Silva et al 2011;
Farinelli & Lemos
(2012)

INfer
Perennial crop

Source

BRASIL (2012)

0

Mesquita et al. (2016);
Boaretto et al. (2007);
Fenilli et al. (2008);
Cantarella et al. (1992);
Cantarella and Quaggio
(1996)
Laclau et al. (2010); Barreto
et al. (2008); Pulito et al.
(2015)
Santos et al. (2002);
Boddey et al. (2004);
Cruvinel et al. (2011)

Table 4.6. Average rates of nitrogen-input and nitrogen-output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture for the Brazilian Cerrado
used in the land-use scenarios, sustainable (A), middle of the road (B), and fragmentation (C) (continued).
Input

Land-use

Agro system

Scenario B
kgN.ha-1.yr-1

Source

5.5

Paredes et al. (2014);
Oliveira et al. (2013);
Canisares et al.
(2017); Carmo et al.
(2013)
Vet et al. (2013)

271.2

Maize

30

Semi perennial
crop

Sugarcane

60

Perennial crop

Coffee
Citrus

Silviculture

Silviculture

100

Ataíde et al. (2013);
EMBRAPA (2017)

-

Pasture

Pasture

100

Oliveira et al., 2010

22.5

INman

Semi perennial

Sugarcane

INdep

All

All

Annual crop

INfix

Scenario A
kgN.ha-1.yr-1

Soybean

134.8

-

Source

Scenario C
kgN.ha-1.yr-1

10

Paredes et al. (2014);
Oliveira et al. (2013);
Canisares et al.
(2017); Carmo et al.
(2013)
Vet et al. (2013)

Hungria et al. (2013)

271.2

Hungria et al. (2013)

Embrapa, 2015
Martinelli et al.
(2008); Boddey et al.
(1991)

30

Embrapa, 2015

-

60

Martinelli et al.
(2008)

48.8

-

-
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134.8

Filoso et al. (2006)

103.3

10

174.8

Source
Paredes et al. (2014);
Oliveira et al. (2013);
Canisares et al. (2017);
Carmo et al. (2013)
Vet et al. (2013)
Boddey et al. (1984); Filoso
et al. (2006); Alves et al.
(2006); Alves et al. (2003)
Oliveira et al. (1994);
Martinelli et al. (2008)

22.5

Filoso et al. (2006); Boddey
and Victoria (1986)

Table 4.6. Average rates of nitrogen-input and nitrogen-output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture for the Brazilian Cerrado
used in the land-use scenarios, sustainable (A), middle of the road (B), and fragmentation (C) (continued).
Output

Land-use

Scenario A
kgN.ha-1.yr-1

Source

Scenario B
kgN.ha-1.yr-1

Source

Scenario C
kgN.ha-1.yr-1

Soybean

265.8

Hungria et al. (2013)

265.8

Hungria et al. (2013)

171.3

Alves et al. (2006);
Hungria et al. (2003);
Borkert et al. (1994)

Maize

154.1

Alves et al. (2006)

154.1

Alves et al. (2006)

83.6

Alves et al. (2006);
Coelho et al. (2003)

Sugarcane

74.3

Oliveira et al. (2000)

74.3

Oliveira et al. (2000)

56.9

Shultz et al. (2015);
Coelho et al. (2003); Vitti
et al. (2002)

Coffee

306.1

Fenilli et al. (2008)

306.1

Fenilli et al. (2008)

146.4

Citrus

58.7

Silviculture
Pasture
All

443.4
30.7
0

Agro system

Annual crop

OUTcrop/prod

Semi perennial
crop

Perennial crop

OUTres/man

Silviculture
Pasture
All

Boaretto et al.
(2007)
Barreto et al. (2012)
Boddey et al. (2004)
-
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58.7
443.4
21.1
0

Boaretto et al.
(2007)
Barreto et al. (2012)
Boddey et al. (2004)
-

Source

Fenilli et al. (2008);
Boaretto et al. (2007);
Boaretto et al. (2013)

50.7
354.7
10.3
0

Barreto et al. (2012)
Boddey et al. (2004)
Smaling et al. (2008)

Table 4.6. Average rates of nitrogen-input and nitrogen-output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture for the Brazilian Cerrado
used in the land-use scenarios, sustainable (A), middle of the road (B), and fragmentation (C) (continued).
Output

Land-use

Agro system
Soybean

Annual crop

Semi perennial
crop

Maize

Sugarcane

Scenario A
kgN.ha-1.yr-1
0

Source
-

Scenario B
kgN.ha-1.yr-1
0

29.5

Wilcke and Lilienfen
(2005)

29.5

6

Oliveira et al. (2002)

6

Source
-

Scenario C
kgN.ha-1.yr-1
0

Source
Lehmann et al. (2004)

Wilcke and
Lilienfen (2005)

16

Wilcke & Lilienfen (2005);
Coelho et al. (2003); Alves et
al. (2006)

Oliveira et al.
(2002)

4.6

Trivelien et al. (2002);
Oliveira et al. (2002); Oliveira
et al. (2000)

Fenilli et al. (2008)

7.8

OUTlea
Coffee

16.3

Citrus

41.7

Fenilli et al. (2008)

16.3

Perennial crop

Silviculture

Silviculture

0

Cantarella et al.
(2003)
Laclau et al. (2010)

Pasture

Pasture

0

Costa et al. (2008)

41.7
0
0
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Cantarella et al.
(2003)
Laclau et al. (2010)
Boddey et al.
(2004)

Bortolloto et al. (2012); Fenilli
et al. (2008); Cantarella et al.
(2003)

36
0

Laclau et al. (2010)

0

Boddey et al. (2004)

Table 4.6. Average rates of nitrogen-input and nitrogen-output fluxes (kgN.ha-1.yr-1) for crops, pasture, and silviculture for the Brazilian Cerrado
used in the land-use scenarios, sustainable (A), middle of the road (B), and fragmentation (C) (continued).
Output

Land-use

Agro system
Soybean

Scenario A
kgN.ha-1.yr-1
0

Scenario B
kgN.ha-1.yr-1

Source
Hungria et al.
(2013)

0

Source

Scenario C
kgN.ha-1.yr-1

Hungria et al.
(2013)

0

Hungria et al. (2006)

Annual crop

Semi perennial
crop

OUTgas

Maize

33.2

Alves et al. (2006)

33.2

Alves et al. (2006)

18

Alves et al. (2006); Zavaschi et
al. (2014)

Sugarcane

5.7

Martinelli et al.
(2008)

5.7

Martinelli et al.
(2008)

4.4

Silva et al. (2017); Carmo et al.
(2013)

Coffee

7.3

Bortolloto et al.
(2013)

7.3

Bortolloto et al.
(2013)

3.5

Citrus

30.8

Perennial crop

Silviculture

Silviculture

0
0

Pasture

Source

Pasture
15.5

Cantarella et al.
(2003)
Laclau et al. (2010)
Primavesi et al.
(2001)
Boddey et al.
(2004); Lessa et al.
(2014)
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30.8
0
17.5
10.6

Cantarella et al.
(2003)
Laclau et al. (2010)
Primavesi et al.
(2001)
Boddey et al.
(2004); Lessa et al.
(2014)

Fenilli et al. (2008); Dominghetti
et al. (2016); Boaretto et al.
(2013); Cantarella et al. (2003)

26.6
0

Laclau et al. (2010)
-

5.2

Boddey et al. (2004); Lessa et al.
(2014)

Nitrogen inputs: all nitrogen inputs for scenario C were described in Chapter 3
(Nitrogen inputs). Nitrogen inputs for scenarios A and B are in line with
productivity gains (Table 4.7) and nitrogen use efficiency (see Table 4.5, item 3.4).
INdep ranges from 4 to 10 kgN.ha-1.yr-1 for South America, where values close to 10
kgN.ha-1.yr-1 correspond to high emission areas (VET et al., 2013). Thus, we
assumed that in 2050 nitrogen deposition rate will reach 10 kgN.ha-1.yr-1 for
scenarios B and C.
Table 4.7 Average productivity of crops (ton.ha-1.yr-1) and silviculture (m3.ha-1.yr1

) for Brazil from 2020 to 2050 used in scenarios A and B.

Land-use

Agro
system

Unit

Annual crop

Soybean
Maize

Semi
perennial
crop
Perennial
crop

Silviculture

2020

2030

2040

2050

Reference

t.ha-1.yr-1
t.ha-1.yr-1

Average
20002012
2.7
4.0

2.9
5.5

3.3
6.5

3.8
7.8

4.5
9.4

EPE, 2014
EPE, 2014

Sugarcane

t.ha-1.yr-1

73.7

79.3

83.2

89.6

96.7

EPE, 2014

Coffee

t.ha-1.yr-1

1.5

1.6

1.6

2.1

2.3

Citrus

t.ha-1.yr-1

24.2

24.8

24.8

26.2

28.0

Silviculture

m3.ha-1.yr-1

32

40.0

40.0

40.0

40.0

MCTIC,
2017
MCTIC,
2017
MCTIC,
2017

Nitrogen outputs: all nitrogen outputs for scenario C were described in Chapter 3
(Nitrogen outputs). Nitrogen outputs for scenarios A and B are in line with
productivity gains (Table 4.7) and nitrogen use efficiency (see Table 4.5, item 3.4).
For scenarios A and B, OUTcrop/prod in pasture was estimated by multiplying
livestock density by accumulated rate of nitrogen in live weight of animal. The
livestock density for scenario A was based on pasture managed support capacity,
which is 2.74 head.ha-1 for Brazilian conditions of climate and soil, according to
Strassburg et al. (2014). For scenarios B and C, it was 1.88 and 0.92 head.ha-1,
respectively. The nitrogen average in live weigh of animal (2.8 kgN.ha-1.yr-1) was
obtained from Boddey et al. (2004) and corresponds to the accumulated nitrogen in
4 years of animal development (slaughter age).
OUTlea varies according to soil texture, water balance, and nitrogen management
practices. Thus, we assumed that nitrogen leaching rate (OUTlea) in crops increased
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linearly with the increase in nitrogen fertilization (INFer). In silviculture and
pasture, we assumed that nitrogen leaching is irrelevant, as in Laclau et al. (2010)
and Costa et al. (2008; 2006).
OUTgas also varies with soil texture, water balance, temperature, and nitrogen
management practices. Thus, we assumed that nitrogen gaseous rate (OUTgas) in
crops increased linearly with the increase in nitrogen fertilization (INfer). For
pasture, OUTgas was estimated through multiplying livestock density (2.74, 1.88,
and 0.92 for A, B, and C, respectively) by average animal nitrogen excretion rates
(dung and urine) (36 kgN.ha-1.yr-1) (Boddey et al., 2004). The result was then
multiplied by the nitrogen emission rate from excreta (15.7%) (LESSA et al., 2014).
Besides, for scenario B, we accounted for an extra nitrogen emission from nitrogen
fertilizer application. Given that in Primavesi et al. (2001), OUTgas in fertilized
pasture is between 10 and 25% of applied nitrogen, we adopted a 17.5% value for
nitrogen loss.
For scenario A, we assumed nitrogen erosion rate (OUTero) was similar to 2012,
due to sustainable agricultural practices carried out that year (see Tables 4.4 and
4.5). For scenarios B and C, we assumed that OUTero between 2000 and 2012 was
similar to the 2013-2050 period due to sustainable and conventional agricultural
practices. Thus, the resulting OUTero in 2050 was given by nitrogen erosion values
in 2012 added to the difference in nitrogen erosion between the years 2000 and
2012.
All nitrogen-input and nitrogen-output data were multiplied by the percentage of
farmland and silviculture in each grid cell of the maps simulated for 2050. The
difference between nitrogen inputs and nitrogen outputs resulted in the annual soil
nitrogen balance maps for 2050.
4.3 RESULTS
Model’s Performance
LuccME/Cerrado-N presented a reasonable performance on land demand
allocation. The spatial model was validated based on multi resolution analysis
(COSTANZA, 1989; PONTIUS, 2002) to quantify the pattern errors.
LuccME/Cerrado-N was validated for the 2010-2012 period reaching a five-level
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spatial adjustment index of 71% for natural vegetation, 56% for pasture, 44% for
silviculture, 51% for annual crops, 55% for semi perennial crops, and 42% for
perennial crops (see Figure 4.1 and 4.2). The model effectively captured the spatial
distribution of land uses and had a tendency to concentrate land demand allocation
close to the areas already occupied, but still consistently with the general pattern
observed over the whole area.
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Figure 4.1 Spatial pattern of observed and simulated land uses in 2012. (a) Natural
vegetation; (b) Pasture; and (c) Silviculture.

Source: Author’s production.
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Figure 4.2 Spatial pattern of observed and simulated land uses in 2012. (a) Annual
crops; (b) Semi perennial crops; and (c) Perennial crops.

Source: Author’s production.
Land use dynamic
This section presents the spatial projections for the Brazilian Cerrado land uses in
2050. Figure 4.3 shows spatial projections of natural vegetation, pasture, and
silviculture for scenarios A, B, and C in 2050. Figure 4.4 illustrates spatial
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projections for annual, semi perennial and perennial crops. Subsequently, we
present the areas occupied by each land use system for all scenarios in 2050 (Table
4.8).
Figure 4.3 LuccMe scenarios (A, B, and C) results for the year 2050 – (a) Spatial
distribution of natural vegetation; (b) Pasture; and (c) Silviculture.

Source: Author’s production.
Figure 4.3a shows the spatially explicit natural vegetation distribution for the
different scenarios in 2050. In scenario A, the spatial pattern of natural vegetation
is similar to its spatial pattern in 2012 (please, see Figure 4.1a). Regenerated areas
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(6.4Mha) were allocated around areas previously occupied by natural vegetation.
This pattern results from protected area spatial driver (30% of Cerrado) and strong
and effective environmental enforcement law that prevent deforestation in new
areas. In scenarios B and C, deforestation occurred, with new deforestation areas
being opened around previously deforested areas, a more intense process in
Scenario C than in Scenario B. In both, vegetation protected areas went through
deforestation processes. In Scenario B, more intense concentration of natural
vegetation occurred where 17% of the natural vegetation area was protected. In
Scenario C, due to little compliance to the Forest Code, few natural vegetation
areas remain, as the protected areas nearby (8% of the Cerrado). In this scenario,
all natural vegetation area legally available will be fully converted in 2050.
Figure 4.3b presents the spatially explicit pasture distribution for all scenarios in
2050. Spatial pattern of pasture was similar in the three scenarios. In general, new
pasture areas were opened around previously opened areas. The dynamics between
natural vegetation, crops, and silviculture accounts for the difference in pasture
areas across the three scenarios. In the Scenario A, pasture concentration was less
intense due to crops and silviculture expansion. In scenarios B and C, pasture
concentration was more intense due to a less restrictive environmental legislation,
resulting in crops and silviculture expansion over natural vegetation.
Spatially explicit distribution of silviculture is presented in the Figure 4.3c. In
general, the spatial pattern of silviculture in 2050 was similar to the one from 2012
(see Figure 4.1c). New areas were opened around previously opened areas in all
scenarios. In scenarios A and B, the area spread of silviculture was smaller than in
scenario C. In scenario C, low productivity gains led to an increased silviculture
spread area.
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Figure 4.4 LuccMe scenarios (A, B, and C) results for the year 2050 – (a) Spatial
distribution of annual crops; (b) spatial distribution of semi perennial crops; and (c)
spatial distribution of perennial crops.

Source: Author’s production.
Modeling results regarding the crops are illustrated in the Figure 4.4. In general, the
spatial pattern of all crops were similar to their pattern in 2012 (please, see Figure
4.2a, 4.2b, and 4.2c). In 2050, new crop areas were opened around previously
opened areas, with a larger spread in Scenario C, according to areas and
productivity projections assumed (Tables 3.4 and 3.5).
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Spatially explicit distribution of annual crops is presented in the Figure 4.4a.
Although the area occupied by annual crops has been similar in scenarios A and B
(see Table 4.8, Total), annual crops spatial distribution was different in these
scenarios. That can be explained by a smaller spread of annual crops in Scenario A
than in Scenario B, over pasturelands in the former and over pastureland and natural
vegetation in the latter. In Scenario C, annual crops spread was larger than in
scenario B due the greater availability of natural vegetation areas for conversion
and its larger annual crops area (Table 4.8, Total).
Figure 4.4b and 4.4c present the spatial distribution of semi perennial and perennial
crops for all scenarios in 2050. Spatial distribution of semi-perennial and perennial
crops was similar in scenarios A and B. In Scenario C, semi-perennial and perennial
crops spread was larger than in the other scenarios, due to the greater availability
of land for agriculture and to the presence of larger semi perennial and perennial
crops areas (Table 4.8, Total).
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Table 4.8 Demand for the areas, in km2 of natural vegetation, pasture, agricultural
crops, and silviculture for the Brazilian Cerrado scenarios (A, B, and
C) in 2050 and defined agricultural regions.
Scenarios
2050

a

Natural
Vegetation
km2
(%)a

Pasture

Annual

km2

(%)a

2012
A
B
C

137,764
148,449
201,016
91,662

6.68
6.95
9.42
4.29

198,171
142,255
116,755
191,610

9.61
6.66
5.47
8.98

2012
A
B
C

333,617
370,369
282,388
213,200

16.2
17.4
13.2
9.99

459,975
325,762
457,242
428,508

22.3
15.3
21.4
20.1

2012
A
B
C

504,284
519,736
375,806
270,091

24.4
24.4
17.6
12.7

183,007
103,775
177,887
163,395

8.87
4.86
8.33
7.65

2012
A
B
C

975,666
1,038,554
774,949
574,952

47.3
48.7
36.3
26.9

841,153
572,102
836,145
783,513

40.8
26.8
39.2
36.7

km2
(%)a
Region 1ª
23,781 1.15
64,356 3.01
66,768 3.13
115,865 5.42
Region 1B
98,304 4.77
265,499 12.4
212,795 9.97
319,728 15.0
Region 2
29,355 1.42
82,955 3.89
88,994 4.17
156,733 7.34
Total
151,441 7.34
368,560 17.3
368,558 17.3
592,326 27.7

Semi
Perennial
km2 (%)a

Perennial
km2

(%)a

(%)a

1.54 9,396 0.46 14,969
2.09 10,499 0.49 33,730
2.07 10,495 0.49 33,582
2.33 17,119 0.80 40,886

0.73
1.58
1.57
1.92

10,670
22,506
22,995
28,674

0.52
1.05
1.08
1.34

85
97
97
131

0.00 3,601
0.00 8,809
0.00 9,001
0.00 12,110

0.17
0.41
0.42
0.57

0
0
0
0

0.00
0.00
0.00
0.00

0
127
139
472

0.00
0.00
0.00
0.02

216
488
429
787

0.01
0.02
0.02
0.06

2.06 9,481 0.46 18,787
3.15 10,723 0.50 43,027
3.15 10,731 0.50 43,012
3.67 17,723 0.83 53,783

0.91
2.02
2.02
2.52

42,478
67,169
67,168
78,353

At the intraregional scale, crops, pasture, and silviculture expansion in all scenarios
was larger in the agriculturally consolidated Regions, 1A and 1B (see Table 3.8).
According to the spatial allocation pattern observed (Figures 4.3 and 4.4), these
systems expand around areas previously occupied. In these sense, in 2050 Region
1A will still be the largest area of semi-perennial crops, perennial crops, and
silviculture. Region 1B will be the largest area of annual crops and pasture, and
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km2

31,808
44,663
44,173
49,679

Value relative to the Brazilian Cerrado total area (2,134,550.0 km2).

Region 2, the largest area of natural vegetation.

Silviculture

Soil nitrogen balance scenarios
In the study area, the input and output values represent N flows in different classes
of land uses (see Table 4.9). N flows are presented for the agricultural regions as
observed in Table 4.10. These results are described in the next sections.
Table 4.9 Nitrogen flows, in TgN.yr-1, for the Brazilian Cerrado in the years 2012
and 2050 (A, B, and C scenarios).
Nitrogen Flows (TgN.yr-1)
Years

INfer INman

IN
INdep

INfix

TIN

2012
A
B
C

0
0
1.34
0

0
0
0
0

0.5
0.32
0.84
0.78

2.26
4.41
1.58
1.76

2.75
4.73
3.76
2.54

2012
A
B
C

0.53
1.71
1.71
2.21

0
0
0
0

0.07
0.20
0.37
0.59

1.4
6.79
6.72
6.92

2
8.7
8.8
9.72

2012
A
B
C

0.43
0.40
0.74
0.80

0.44
0.91
0.91
0.81

0.02
0.04
0.07
0.08

0.21
0.40
0.40
0.38

1.1
1.75
2.12
2.07

2012
A
B
C

0.26
0.43
0.43
0.48

0
0
0
0

0.01
0.01
0.01
0.02

0
0
0
0

0.27
0.44
0.44
0.50

2012
A
B
C

0.25
0.67
0.67
0.67

0
0
0
0

0.01
0.02
0.02
0.05

0
0.17
0
0

0.26
0.86
0.69
0.72

2012
A
B
C

1.48
3.21
4.89
4.16

0.44
0.91
0.91
0.81

0.61 3.87 6.39
0.59 11.77 16.48
1.31 8.70 15.81
1.52 9.06 15.55

OUTcrop/prod OUTres
Pasture
0.55
0
1.76
0
1.76
0
0.81
0
Annual crops
1.77
0
8.43
0
8.43
0
8.43
0
Semi perenial crops
0.24
0
0.50
0
0.50
0
0.43
0
Perennial crops
0.14
0
0.33
0
0.33
0
0.26
0
Silviculture
0.72
0
1.91
0
1.91
0
1.91
0
Total
3.42
0
12.93
0.00
12.93
0.00
11.84
0.00
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OUT
OUTlea OUTgas

Balance
OUTero TOUT

0
0
0
0

0.28
1.06
1.57
0.41

2.31
1.33
2.18
2.09

3.14
4.15
5.51
3.31

-0.38
0.58
-1.75
-0.77

0.08
0.36
0.36
0.31

0.08
0.41
0.41
0.35

0.23
0.76
0.90
1.49

2.16
9.96
10.10
10.58

-0.16
-1.26
-1.30
-0.86

0.02
0.04
0.04
0.04

0.02
0.04
0.04
0.03

0.19
0.25
0.31
0.35

0.46
0.83
0.89
0.85

0.64
0.92
1.23
1.22

0.01
0.02
0.02
0.01

0.01
0.01
0.01
0.01

0.04
0.05
0.05
0.09

0.19
0.41
0.41
0.37

0.08
0.03
0.03
0.13

0
0
0
0

0
0
0
0

0.09
0.16
0.18
0.22

0.81
2.07
2.09
2.13

-0.54
-1.21
-1.40
-1.41

0.1
0.42
0.42
0.36

0.39
1.52
2.03
0.80

2.85
2.55
3.62
4.24

6.76
17.42
19.00
17.24

-0.37
-0.94
-3.19
-1.69

Table 4.10 Regional Breakdown of Brazilian Cerrado nitrogen flows (TgN.yr -1) in
2050, for sustainable (A), middle of the road (B), and fragmentation
(C) scenarios.
Nitrogen Flow (TgN.yr-1)

Year

IN

OUT

INfer INman INdep INfix TIN OUTcrop/prod

OUTres OUTlea OUTgas OUTero TOUT

Balance

2012
A
B
C

0.89
1.51
2.06
1.92

0.33
0.60
0.60
0.51

0.16
0.16
0.36
0.42

0.88
2.59
1.86
2.03

2.25
4.86
4.88
4.88

Region 1ª
1.28
0
4.06
0
4.09
0
3.83
0

2012
A
B
C

0.48
1.30
2.12
1.64

0.11
0.30
0.31
0.3

0.32
0.32
0.70
0.79

2.27
6.73
4.88
4.84

3.18
8.65
8.01
7.57

Region 1B
1.71
0
6.62
0
6.41
0
5.58
0

0.05
0.23
0.22
0.18

0.21
0.76
0.86
0.43

1,27
1.14
1.57
2.16

3.24
8.75
9.06
8.35

-0.06
-0.10
-1.05
-0.78

Region 2
0.43
2.24
2.44
2.43

0.02
0.08
0.09
0.08

0.08
0.25
0.34
0.18

0.51
0.35
0.58
0.78

1.03
2.92
3.45
3.47

-0.08
-0.09
-0.51
-0.34

2012
A
B
C

0.11
0.40
0.71
0.61

0
0
0
0

0.12 0.72 0.95
0.10 2.33 2.83
0.27 1.96 2.94
0.32 2.2 3.13

0
0
0
0

0.04
0.11
0.11
0.10

0.1
0.33
0.38
0.20

1.07
1.05
1.47
1.38

2.49
5.55
6.05
5.51

-0.24
-0.69
-1.17
-0.63

Nitrogen inputs
Total nitrogen input (IN) increased 157.9%, 147.4%, and 143.4% in scenarios A,
B, and C, respectively, from 2012 to 2050 (see Total, Table 4.9). In all scenarios,
biofixation (INfix) was the largest input, accounting for 71.4% (A), 55.0% (B), and
58.3% (C) of all nitrogen inputs, followed by INfer, accounting for 19.5% (A),
30.9% (B), and 26.8% (C), and INdep, contributing with 3.6% (A), 8.3% (B), and
9.8% (C). INman contributed with 5.5% (A), 5.8% (B), and 5.2% (C). In general,
Scenario A had the largest inputs via INfix, while scenarios B and C had the largest
nitrogen inputs via INfer. That occurred mainly because of pasture areas being
recovered through biofixation in A. In scenarios B and C, crops expanded more
than in scenario A, which means that these areas require more nitrogen via
fertilization.
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Nitrogen inputs intraregional dynamic
Intraregional nitrogen inputs reflects the kind of land use systems in each region
and the boundary conditions adopted in modeling for each scenario. In scenario A,
reduction in INfer in semi perennial crops and pasture, as well as, investments in
INfix, in maize, silviculture, and pasture contributed to low values of nitrogen inputs
via INfer when compared with scenarios B and C (see Total, Table 4.9). At the
intraregional scale, Region 1A presented higher values of INfer, since its perennial
crops, semi perennial crops, and silviculture need large nitrogen inputs. Region 1B
had the highest values of INfix especially because of soybean (Table 4.10). In
contrast, Region 2 had low values of both INfer and INfix due to the predominance
of natural vegetation.
Scenario B has the same crops and silviculture productivity gains as scenario A.
However, in scenario B there was little investiments in INfix (only in maize) and
little reduction in INfer. Consequently, in all regions of scenario B, INfer were higher
and INfix were lower than in scenario A (Table 4.10). Region 1A had more nitrogen
inputs via INfer, and Region 1B had more nitrogen inputs via INfix.
In scenario C, crops productivity gains were not significant, which suggests that
crops, pasture, and silviculture expanded vigorously over the Cerrado carrying
nitrogen inputs, as in 2012. Thus, Region 1A had the highest values of INfert due to
perennial, semi perennial, and silviculture, and Region 1B had high values of soy
biofixation.
Figures 4.5A to 4.5D depict the N-input variation (kg.ha-1.yr-1) at the local scale in
scenarios A, B, and C. The highest INfer (50-100 kg.ha-1.yr-1) was observed in
Region 1A, due to fertilized areas of semi perennial crops, perennial crops, and
silviculture. For the same reason, INdep was highest (5-15 kg.ha-1.yr-1) in Region 1A
and 1B of scenarios B and C. The highest INfix rates (>100 kg.ha-1.yr-1) were
observed in Region 1B and Region 1A for all scenarios, being related mostly to the
areas of annual crops and semi perennial crops, respectively. Scenario A had the
largest areas with high INfix rates. The highest INman (25 - 75 kg.ha-1.yr-1) was
observed in Region 1B and Region 1A due to semi perennial crops.
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Figure 4.5 Nitrogen inputs (kg.ha-1.yr-1) maps in A, B, and C scenarios. (A)
Biofixation-inputs; (B) Fertilizer-inputs; (C) Manure-inputs; (D) Atmospheric
deposition inputs.

Source: Author’s production.
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Nitrogen outputs
Total nitrogen outputs (OUT) were larger than total nitrogen inputs (IN) in all
scenarios (Total, Table 4.9), indicating that soil nitrogen mining is occurring. Total
nitrogen output (OUT) increased 157.7%, 181.1%, and 155.1% from 2012 to 2050
in A, B, and C, respectively. Across all scenarios, harvested crops and animal
products (OUTcrop/prod) had the largest outputs, accounting for 74.2% (A), 68.1%
(B), and 68.7% (C), followed by OUTero, accounting for 14.6% (A), 19.1% (B), and
24.6% (C). The nitrogen outputs from OUTgas contributed with 8.7% (A), 10.7%
(B), and 4.6% (C), while OUTlea contributed with 2.4% (A), 2.2% (B), and 2.1%
(C).
Nitrogen outputs intraregional dynamic
Intraregional nitrogen outputs also reflect the kind of land use systems in each
region and the boundary conditions adopted in modeling for each scenario. Scenario
A had the lowest values of OUTgas when compared with scenario B, reflecting the
absence of mineral fertilization in pasture (Table 4.9), even though scenario A had
a higher bovine stocking rate (2.74 head.ha-1). OUTero was reduced too, because of
sustainable soil management. OUTcrop/prod was similar to scenario B due to the same
crops and silviculture productivity gains. Region 1B had the highest nitrogen losses
because of the high concentration of annual crops and pasture in this region. In
contrast, Region 2 had the lowest nitrogen losses by virtue of its natural vegetation
(Table 4.10).
In scenario B, high doses of fertilization rates and low investiments in biofixation
caused a higher OUTgas than in the scenario A. OUTero was high also due to
conventional soil management (Table 4.9). In general, at the intraregional scale,
nitrogen outputs have the same pattern in all scenarios due to land use systems.
Region 1B had the highest nitrogen losses due to annual crops and pasture, and
Region 2 had the lowest ones due to natural vegetation (Table 4.10).
Low farmland productivity gains in scenario C caused the lowest nitrogen losses
via OUTcrop/prod in all scenarios (Table 4.9). This region also showed a low OUTgas
because of low bovine stocking rate (0.92 head.ha-1), and a low OUTlea because of
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inputs by mineral fertilizer similar to 2012. Even in scenario C, Region 1B had the
highest nitrogen losses and Region 2 had the lowest (Table 4.10).
Figures 4.6A to 4.6D present the N-export variation (kg.ha-1.yr-1) at the local scale
in scenarios A, B, and C. Areas with high OUTcrop/prod (>100 kg.ha-1.yr-1) occurred
in both Region 1A and 1B, the largest ones occuring in A because agricultural areas
were more concentrated in this region. The highest OUTlea (2.5-10 kg.ha-1.yr-1) and
OUTgas (10-15 kg.ha-1.yr-1) rates were found in Region 1A, associated with intensive
application of fertilizers, and were higher than in B and C. OUTero was highest (1550 kg.ha-1.yr-1) in Regions 1A and 1B, accounting for large areas in B and C.
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Figure 4.6 Nitrogen outputs (kg.ha-1.yr-1) maps in A, B, and C scenarios. (A)
Gaseous-outputs; (B) Leaching-outputs; (C) Harvested crops and animal products
outputs; and (D) Erosion-outputs.

Source: Author’s production.
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Soil nitrogen balance
Soil nitrogen balance was negative in all agricultural scenarios modeled for 2050
in the Brazilian Cerrado, indicating soil nitrogen mining, which jeopardizes soil
sustainability (Total, Table 4.9). However, the technologies applied, such as
investiment in biofixation, reduction in fertilization rate, and sustainable soil
management contributed to soil nitrogen balance being less negative in Scenario A.
In contrast, in Scenario B, soil nitrogen balance was highly negative. Nitrogen
losses by gases were high due to nitrogen fertilization, and sustainable and
conventional soil management practices continued to promote high losses via
erosion. In Scenario C, soil nitrogen balance was also negative, with an intermediate
value between scenarios A and B. In general, low crops and animal productivity
resulted in lower nitrogen losses via harvested products. In contrast, high gains in
area and conventional soil management practices resulted in high loss by erosion.
Soil nitrogen accumulation or depletion varied at the local scale, as shown in Figure
4.7. Scenario A shows the area with the highest accumulation of nitrogen in soil
(15- 75 kg.ha-1.yr-1), mainly in the Region 1A, due to semi perennial crops
fertilization. The highest nitrogen depletion was in Region 1A due to silviculture.
Scenario B shows the highest rate of nitrogen depletion (-25 - -10 kg.ha-1.yr-1),
which occurred in Regions 1A and 1B, mainly due to silviculture and pasture. In
Scenario C, nitrogen accumulation (50 - 100 kg.ha-1.yr-1) occurred only in perennial
and semi perennial crops areas. That was the scenario with the largest area of
nitrogen depletion.
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Figure 4.7 Spatially explicit soil nitrogen balance, scenarios A (A), B (B), C (C).

Source: Author’s production.
4.4. DISCUSSION
The innovation of this study lies in exploring trajectories of land use focusing on
agricultural production systems and their implications on nitrogen cycle. Modeling
studies available for the Brazilian Cerrado have focused mainly in deforestation and
biodiversity (FERREIRA et al., 2013; STRASSBURG et al., 2017). The
LuccMe/Cerrado-N framework was capable of representing the main processes of
land use change between 2000 and 2012 and simulate trajectories of land use and
cover changes in a sensible way. In addition, the use of soil nitrogen balance as an
indicator of land use status and environmental risks and benefits, made it possible
to identify, at the regional and local scales, where the efficiency of production
systems could be improved taking into account each agricultural scenario.
In general, agricultural extensification and intensification can continue affecting
nitrogen cycle in the Brazilian Cerrado scenarios. Land use changes can lead to soil
nitrogen mining in the year 2050. Only in the sustainability scenario (A), where
natural vegetation was maintained and best practices in agricultural production
were applied, soil nitrogen was less affected. Agricultural intensification in lands
previously used for pasture promoted the conservation of the remaining Cerrado
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and the restoration of areas that are extremely important for biodiversity
conservation, without compromising agricultural production progress. The
recovery of remaining pasture areas also meets 46% of Brazilian projections for
cattle production (EPE, 2014). These findings are consistent with Strassburg et al
(2017), who simulated two land use deforestation scenarios for the Brazilian
Cerrado in 2050. However, the agricultural intensification by means of best
practices of agricultural production, such as sustainable soil management that
reduces erosion and improvements in nitrogen use efficiency and biofixation,
resulted in less nitrogen losses and ensured high production.
Some studies report that there is a clear relationship between plant responsiveness
to nitrogen and soil tillage operations. Systems where conventional tillage
operations (e.g., deep plowing, subsoiling, or disk) are established, show a limited
plant responsiveness to nitrogen. Responsiveness increases under reduced tillage
practices (OTTO et al., 2016). Thus, plant nitrogen requirements decrease under
reduced tillage due to enhanced soil nitrogen mineralization and lower erosion, as
a result low fertilization rate can be applied (OTTO et al., 2016). Besides,
investiments in biofixation, either through fixing-bacteria inoculation or fixing-tree
plantation, reduce leaching and gaseous losses (HUNGRIA et al., 2013). When
applied to Scenario A, these soil improvements resulted in less soil nitrogen mining
than in the other scenarios. A positive nitrogen balance occurred in pasture and semi
perennial crops, where nitrogen use efficiency was increased by biofixation, the
main nitrogen source. As biofixation is cheaper than nitrogen fertilizer (HUNGRIA
et al., 2013; ATAÍDE et al., 2013), this technology may well be applied elsewhere.
In silviculture, for exemple, soil nitrogen mining can be reduced to the extent that
more areas are cultivated with fixing-plants. Thus, in a sustainable scenario,
reduced magnitude of nitrogen losses and high nitrogen use efficiency are translated
into lower environmental and financial costs (OTTO et al., 2016; HUNGRIA et al.,
2013).
Research undertaken in Brazil have suggested that biofixation is the technology of
the future (ATAÍDE et al., 2013) and its use in agricultural production reduces the
fertilization costs by up to 2.5 times (HUNGRIA et al., 2013). Besides not having
adverse effects on environmental services, these practices are accessible to and
effective for farmers, and lead to improvements in food productivity (PRETTY,
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2007). In line with that, the Brazilian Ministry of Agriculture, Livestock, and
Supply has established goals for incorporating this technology into production
systems (MAPA, 2012). By 2020, 5.5 Mha of Brazilian agricultural lands should
be using biofixation, through bacteria-fixing inoculation or fixing-tree plantation,
to produce food, fiber and biofuels (MAPA, 2012).
In contrast, when agricultural extensification and intensification use little
sustainable practices of production, with little (or no) soil improvements, soil
nitrogen mining tends to intensify, as in scenarios B and C. In the middle of the
road scenario (B), where 20 Mha of natural vegetation was replaced by farmlands
along with conventional practices of agricultural production, soil nitrogen mining
was high. Agricultural production in both pasture and natural vegetation lands still
conserved part of the remaning Cerrado and important areas for biodiversity.
However, high productivity gains were not accompanied by satisfactory
investments in soil improvement. Conventional use of fertilization and little
investiments in biofixation resulted in large nitrogen losses by gases, while
conventional tillage operations increased erosion. Pasture and silviculture were the
main drivers of soil nitrogen mining in this scenario.
In the fragmentation scenario (C), soil nitrogen mining was less intense than in the
middle of the road scenario (B). However, natural vegetation legally available for
convertion was totally deforested and important areas for biodiversity were cleared.
Combined, weak protection and the substantial pressure for agricultural expansion
resulted in a landscape impaired in terms of biodiversity and ecosystems services.
Soil nitrogen mining was less intense than in Scenario B because low crops and
animal productivity resulted in lower nitrogen losses. Vigorous farmlands
expansion with inefficient investments in soil improvement resulted in high erosion.
The natural landscape and soil sustainability are strongly threatened in this scenario.
Silviculture, annual crops and pasture were the main drivers of soil nitrogen mining
in these scenarios. In general, the prerequisite for any sustainable agricultural
system is that the total output of nitrogen exported in useful products, or lost to the
surrounding environment, does not exceed their input (BODDEY et al., 2004).
Thus, silviculture, annual crops and pasture are the land use systems that require
the highest nitrogen inputs. Consequently, Regions 1A and 1B were those of greater
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impairment in terms of soil nitrogen mining. As these areas are fewer in the Region
2, soil nitrogen mining was less intense. Investments in cheaper and cleaner soil
fertility technologies, as biofixation, could be an alternative to improve soil fertility
in these systems.
When modeled for the year 2050, the agricultural systems expanded around areas
that they occupied previously. This spatial allocation pattern can be a
methodological limitation. Scientific evidence shows that land use change has been
intense in the agricultural frontier region (Region 2, Matopiba) in the last years
(BARRETO et al., 2013; DIAS et al., 2016). However, in our scenarios, there were
few changes in land use in this region in 2050. The lack of important variables such
as land price in different agricultural regions and the absence of dynamic variables,
such as roads, may have contributed to the limitations of the model.
On the other hand, the scenarios herein discussed were capable of evidencing the
landscape as an integrated system in which natural environment and agricultural
production systems are connected. In an integrated system, productivity gains or
losses are driven by practices of production that maintain soil fertility. Little or no
investments in soil improvement can affect natural systems, e.g. through
deforestation, jeopardizing ecosystems services and biodiversity. The use of soil
nitrogen balance as an indicator that integrates landscape components, made it
possible to visualize that increased agricultural production by using nitrogen in an
efficient way, ensures high productivity gains, and consequently, conserve natural
vegetation and secures its benefits.
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CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS
This thesis investigated how agricultural intensification currently affects the
nitrogen cycle in the Brazilian Cerrado and how it could affect the nitrogen cycle
in the future. Spatio-temporal soil nitrogen balances for the Brazilian Cerrado were
performed based on the land use dynamics in the years 2000, 2010, and 2012. In
addition, this thesis explored trajectories of land use change and soil nitrogen
balance for the year 2050 using techniques of dynamic spatial modeling. The
working hypothesis was that agricultural expansion and intensification in the
Brazilian Cerrado may not be currently affecting the nitrogen balance in this region
in a significant way, but could disrupt it in the future.
Section 5.1 synthesizes the major findings of the whole thesis and discusses how
these findings confirm the working hypothesis. In addition, section 5.2 presents
some policy recommendations.
5.1 Major findings
Chapter 2 provides estimates of annual soil loss rates for the Brazilian Cerrado.
These estimates were used to calculate nitrogen loss by erosion processes (OUTero)
in chapters 3 and 4. This initial chapter showed that the average estimated rate of
soil loss had been increasing from 2000 to 2012 in the Brazilian Cerrado. However,
a large part of the total Cerrado area (80%) is still under low soil loss, and only
16%, and 4% are moderate and high soil loss zones, respectively. With the
exception of annual crops and pasture, that showed a low average rate of soil loss,
all farm and silviculture areas showed moderate rates of soil loss. That indicates
that good crop management practices, such as no-tillage, terrace, and green
fertilizers, are important factors in preventing soil loss, and maintaining and
improving land productivity in the Brazilian Cerrado.
Chapter 3 provides evidence that agricultural extensification and intensification
have affected the nitrogen cycle in the Brazilian Cerrado. According to this study,
agriculture has mined soil nitrogen, risking long term soil sustainability at the
regional scale. Silviculture, annual crops (e.g soybeans and maize), and pasture are
the main drivers of soil nitrogen depletion, with harvested products and erosion as
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the main nitrogen outputs. At the local scale, the spatio-temporal soil nitrogen
balances showed areas with nitrogen accumulation and depletion mainly in
agriculturally consolidated regions, where semi perennial and perennial crops
account for nitrogen accumulation, and silviculture and pasture account for nitrogen
depletion. All these findings confirm the hypothesis that agricultural expansion and
intensification are currently affecting the nitrogen cycle in the Brazilian Cerrado.
Chapter 4 provides evidence that the nitrogen cycle in the Brazilian Cerrado could
be intenselly affected in the future depending on future trajectories of agricultural
expansion and intensification. When agricultural expansion is conducted by little
sustainable practices of production, with low or no soil improvements and natural
vegetation conservation, soil nitrogen mining tends to intensify, as in the middle of
the road (B) and fragmentation scenarios (C). In contrast, a sustainable trajectory
of agricultural expansion and intensification indicates that soil nitrogen mining can
be reduced if best practices in agricultural production are applied. Sustainable soil
management practices to reduce erosion, improvements in nitrogen use efficiency
and biofixation adoption result in less nitrogen losses for the environment and can
ensure high agricultural production, as in the sustainability scenario (A). Thus,
these findings confirm the hypothesis that agricultural expansion and intensification
may intensify the nitrogen cycle unbalance in the Brazilian Cerrado in the future.
In summary, the innovation of this thesis is that soil nitrogen balance was spatially
explicit, allowing for the identification, at the regional and local scales, of a soil
nitrogen imbalance. Only a few studies made use of spatially explicit database to
estimate nitrogen flows in agricultural lands (LESSCHEN et al., 2007;
LASSALETA et al., 2012). In general, studies consider a country or a whole region
to be homogenous (FILOSO et al., 2006; MARTINELLI et al., 2012). This study
innovated further in exploring future trends of agricultural expansion using soil
nitrogen balance as an integrative indicator of the land use status and environmental
risks or benefits. In general, not many studies explore land use transitions following
the deforestation processes (GOLLNOW et al., 2017). The main processes they
assess are deforestation (FERREIRA et al., 2013; AGUIAR et al., 2012; DALLANORA et al., 2014; AGUIAR et al., 2016; GOLLNOW et al., 2017) and its
implication on biodiversity (Strassburg et al., 2017) and climate regulation
(CÂMARA et al., 2015; AGUIAR et al., 2016a). This work is the first to explore
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future trajectories of agricultural expansion focusing on their implications on the
nitrogen cycle in the Brazilian Cerrado.
5.2 Policy recommendations
We suggest basically three main ways to address the problem of nitrogen
imbalance: i) Scientific research and technological development, such as improved
agricultural techniques based on nitrogen biological fixation, to increase soil
nutrition and agricultural productivity gains without compromising the
environment through nitrogen loss. Moreover, improved agricultural production
techniques to help obtain reasonable nitrogen fertilizer inputs by increasing the
recovery rate by crops and reducing nitrogen fertilizer losses, as cited by JU et al.
(2004). ii) Economic instruments, such as subsidies to farmers for environmentallysound farming practices or indirect effects through prices of agricultural produce
for those that conserve soil, water, and natural vegetation. iii) Public information
and education, such as training courses for farmers and support for advisory
services (JU et al,. 2004).
In terms of land use change, we suggest broader land use policies to reduce
deforestation in the Brazilian Cerrado, considering that this biome is under
deforestation risk in any scenario. An urgent and planned conservation policy aimed
at the biodiversity and endemic-rich areas, could reach that goal by creating new
protected areas. In addition, the country’s Soy Moratorium, a key element in
preventing almost all direct conversion of the Amazon to soy cultivation, could be
applied to the Cerrado. It would encourage agricultural expansion towards degraded
pasture and, as our results show, without compromising livestock production.
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APPENDIX
SUPPORTING INFORMATION
Figure A.1. Spatial drivers of natural vegetation selected to run LuccMe/CerradoN model: (a) Slope flat (up to 3%); (b) Presence of timber extraction and processing
centre; (c) Presence of protected areas and indigenous land; (d) Distance to paved
and unpaved roads; and (e) Distance to rivers.

Source: Author’s production.
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Figure A.2. Spatial drivers of pasture selected to run LuccMe/Cerrado-N model: (a)
Slope flat (up to 3%); (b) Distance to the closest slaughterhouse; (c) Distance to
paved and unpaved roads; and (d) Distance to rivers.

Source: Author’s production.
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Figure A.3. Spatial drivers of silviculture selected to run LuccMe/Cerrado-N
model: (a) Slope flat (> 3% and ≤ 8%); (b) Distance to the closest pulp-paper mills;
(c) Distance to the closest railways; and (d) Distance to rivers.

Source: Author’s production.
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Figure A.4. Spatial drivers of annual crops selected to run LuccMe/Cerrado-N
model: (a) Slope flat (> 3% and ≤ 8%); (b) Presence of suitable soil for agriculture;
(c) Presence of protected areas and indigenous land; (d) Distance to the closest
paved and unpaved roads; and (e) Distance to rivers.

Source: Author’s production.
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Figure A.5. Spatial drivers of semi perennial crops selected to run LuccMe/CerradoN model: (a) Slope flat (up to 3%); (b) Distance to the closest sugar-ethanol mills;
(c) Distance to the closest railways; (d) Distance to the closest paved roads; and (e)
Distance to ports.

Source: Author’s production.
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Figure A.6. Spatial drivers of perennial crops selected to run LuccMe/Cerrado-N
model: (a) Slope flat (> 3% and ≤ 8%); (b) Distance to the closest paved and
unpaved roads; (c) Distance to the closest irrigation pivot; and (e) Distance to rivers.

Source: Author’s production.
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Figure A.7. Area evolution (Mkm2) of each land use in scenarios A, B, and C.
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