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ABSTRACT

The exponential growth of human activities has been significantly altering the global Nitrogen (N) cycling. Due to
the scale of these changes, integrated approaches are required to optimize nutrient cycles to meet food and energy
demands, while minimizing threats to climate, ecosystem services, and human health. Brazil is now in a leading
position on the world stage as one of the great producers and exporters of agricultural products, and must reconcile
the expansion of this sector with environmental preservation and promotion of social equity. The Nitrogen Use
Efficiency (NUE) is a tool to evaluate the progress of its management, and can be estimated by the ratio between
the outflows and N inputs in the agro systems. In this study, NUE was calculated on different scales: regional,
covering the entire Brazilian territory, and local, comprising the Vermelho River watershed, an important
agricultural area of the Upper Pantanal. The spatialized results indicate great heterogeneity in the NUE, with most
of the Brazilian states presenting values outside the desirable range. Low efficiency in nutrient use is identified in
several states of Northeast and Southeastern Brazil. On the other hand, regions of great agricultural importance in
the Cerrado have high values, suggesting that the N exports by the products outweigh the replacement of this
element, which can lead to N mining and degradation of productive land. On a local scale, NUE is very close to the
desirable ceiling, with subtle reduction between 2000 and 2015.

Keywords: agricultural production, fertilizer, biological fixation, Cerrado, Pantanal.

RESUMO

O crescimento exponencial das atividades humanas vem alterando de maneira significativa a ciclagem global do
Nitrogénio (N). Devido a escala dessas mudangas, sdo necessarias abordagens integradas que otimizem os ciclos de
nutrientes para suprir as demandas por alimentos e energia, a0 mesmo tempo em que minimizem as ameagas ao
clima, servicos ecossistémicos e saide humana. O Brasil se encontra hoje em uma posi¢cdo de destaque no cenario
mundial como um dos grandes produtores e exportadores de produtos agricolas, e precisa conciliar a expansao
desse setor com a preservagdo ambiental e promogdo da equidade social. A Eficiéncia do Uso do Nitrogénio (NUE)
consiste em uma ferramenta para avaliagdo do progresso do seu manejo, e pode ser estimada pela razdo entre as
saidas e entradas de N nos agrossistemas. Nesse trabalho, a NUE foi calculada em diferentes escalas: regional,
abrangendo todo o territdrio brasileiro, e local, compreendendo a bacia do rio Vermelho, importante area agricola
do Alto Pantanal. Os resultados espacializados indicam grande heterogeneidade na NUE, com grande parte dos
estados brasileiros apresentando valores fora dos limites desejdveis. Baixa eficiéncia no uso do nutriente é
identificada em diversos estados do nordeste e sudeste brasileiro. Por outro lado, regides de grande importancia
agricola no Cerrado apresentam altos valores, sugerindo que as exportacdes de N pelos produtos superam a
reposicdo desse elemento, podendo levar a mineragdo do N e degradagao da terra produtiva. Em escala local, a
NUE esta muito préxima ao limite maximo desejavel, com sutil redugdo entre 2000 e 2015.

Palavras chave: produgdo agricola, fertilizante, fixagdo biolégica, Cerrado, Pantanal.
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1. INTRODUCTION

Nitrogen (N) is an essential nutrient for
all living beings and plays a critical role in primary
production (VITOUSEK et al., 2009; STEIN; KLOTZ,
2016). The exponential
activities in the last century has dramatically

growth of human

altered the availability and global cycling of this
bringing  both
(improvements in the
productivity),
impacts on the environment and human health
(SUTTON et al., 2013; GALLOWAY et al., 2014;
STEFFEN etal., 2015).

Agricultural systems are currently the

element, direct  benefits

agricultural  system

but also leading to negative

main responsible for changes in the N cycle,
mostly due to the use of synthetic fertilizers in
crops and expansion of cultivated areas with
nitrogen-fixing species (FOWLER et al., 2013). N is
a key element to ensure the production of food,
fiber and biofuel. Therefore, it will continue to be
crucial in promoting hunger eradication as well as
in supplying the growing global population and
increasing per capita consumption (DAVIDSON et
al., 2016). The agricultural productivity of many
places is still limited by N, as in parts of Africa and
Latin America, contributing to land degradation
and abandonment (LAL, 2014; REIS et al., 2016).
Also, excess and misuse of N are observed in
some agro-systems, leading to water bodies and

atmosphere losses (ERISMAN et al., 2015;
KANTER; SEARCHINGER, 2018).
The main negative impacts include

alterations in greenhouse gases balance, ozone
creation in the troposphere and its depletion in
the stratosphere, particulate matter production,
ocean acidification and reduction on continental
waters quality and availability due to
eutrophication process (FOWLER et al., 2013). In
order to promote a better management and
cycling optimization, the consequences of
nutrients excess in some regions and deficiencies
in others have been debated in the national and
international scientific community, considering

food security while reducing threats to climate,
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ecosystem services, health and human well-being
(BILLEN et al., 2011). Given the complexity of the
N cycle, promoting its proper management is not
an easy task (OENEMA et al., 2015). Thus, the
term "Nutrient Challenge" emerged within the
framework of international discussions to
represent one of the greatest challenges imposed
by contemporary society, which is to ensure
world population nutrition, estimated to reach
more than 9 billion people by 2050, considering
the potential impacts of the growing need for
food production (UNITED NATIONS, 2017).
Improving N management offers a
unique opportunity to maximize the chances of
achieving many of the Sustainable Development
Goals (SDGs), since N inputs are crucial to the
global food system and also a major source of
pollution (DOBERMANN, 2016; KANTER; ZHANG;
HOWARD, 2016). Public and

awareness of N-related benefits and threats have

institutional

the potential to provide an essential basis for
developing concrete actions and enhancing the
effectiveness of future policies (REAY et al.,
2011).

Nitrogen Use Efficiency (NUE) is a
concept that encompasses the fundamentals of
crop nutrition and good practices for efficient
fertilizer use (CASARIN; STIPP, 2013). The NUE
estimates have been widely used as an indicator
to assess progress in nutrient management
(BRENTRUP; PALLIERE, 2010; SUTTON et al.,
2013; NORTON; DAVIDSON; ROBERTS, 2015).
Improvements in the NUE can contribute to
achieving best N management practices,
providing the best combination of economic,
social, and environmental performance (OENEMA
et al., 2015). In this way, NUE is an important
metric to evaluate the options to improve the
agricultural production in order to reach the
SDGs (ZHANG et al., 2015).

NUE can be estimated by different ways
and there is no uniform methodology to be used,
although it is widely taken as an indicator of
agricultural efficiency. NUE calculation is done
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depending on the purpose of the analysis and
data availability (OENEMA et al., 2015). NUE is an
important tool to help decision making at
it can be calculated for
at different spatial
(national scale at the farm level) and temporal
scales (ZHANG et al., 2015).

In this work, NUE was analyzed on a

different levels and

different systems and

national scale and compared with NUE of
agricultural production systems in an important
watershed of the Upper Pantanal. From the
spatial analysis of nitrogen fertilizer use and N
removal by agricultural production in Brazil, NUE
was estimated for the Brazilian states (regional
scale), and with local data from farmers and
institutions, NUE was estimated for the
agricultural soils in the Rio Vermelho watershed

(local scale). The hypothesis is that, although the

scenario is still better than several agricultural
regions in Brazil, suggesting that public policies
improve NUE should take the
agricultural systems used in different regions of

aiming to

the country into account.

2. MATERIALS AND METHODS
2.1 Study site

Brazil (Figure 1) is one of the world's
leading suppliers of agricultural products and will
play an important role in meeting the demands in
both the domestic and international markets
(FAOQ, 2017). Within the country, the main crops,
in terms of productive area, are soybean (39%),
maize (21%) and sugarcane (13%) (IBGE, 2017a).
The country has shown substantial economic
growth in both agriculture and food processing,
ensuring a leading position in the international
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Rio Vermelho watershed presents environmental trade (HUBBARD; ALVIM; GARROD, 2017;
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Figure 1- Distribution of agricultural crops in Brazil. On the right is highlighted the Vermelho River
watershed (MT).

The Cerrado accounts for about 70% of
Brazil's agricultural production, contributing for
much of the country's cotton, soybeans, beef and
sugarcane production (GOMES et al., 2019). This
biome is a biodiversity hotspot due to its high

rate of endemism and the high degree of habitat
threat, mainly due to recent land use changes
(STRASSBURG et al., 2017). The Cerrado has
already lost more than 40% (88 Mha) of its native
cover to meet the demands for agricultural
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products, (LAPOLA et al., 2013; STRASSBURG et
al., 2014; LAHSEN; BUSTAMANTE; DALLA-NORA,
2016). In addition, about 80% of the area of
remaining natural vegetation is suitable for
soybean cultivation and 70% is proper for
growing sugarcane, crops in which demand is
expected to increase markedly in the coming
decades (STRASSBURG et al., 2014, 2017). For
instance, areas under annual crops have already
been enlarged by 25 million hectares over the
last 15 years, with more than 60% in the Brazilian
Midwest (GASQUES et al., 2016).

The Vermelho River watershed (Figure
1), considered for local scale analysis in this work,
is located in Mato Grosso State (MT) and
represents an important nucleus of agricultural
production area in the Brazilian Cerrado.
Rondondpolis is the main municipality inside the
watershed and the second largest economy in
Mato Grosso state and is among the 100 largest
economies in Brazil, with a GDP of RS 9.4 billion.
Agribusiness is one of the main economic
activities and the "driving force" for many other
secondary sectors of the local economy (IBGE,
2018).

In the Vermelho River watershed, 95% of
agricultural production is represented by three
crops: soybean (63%), maize (22%) and cotton
(10%) (IBGE, 2017a). Soybeans are grown during
the beginning of the rainy season (October to
January) followed mainly by a second maize or
cotton crop. In the region, the maize and cotton
production as second crop represents about 60%
to 70% and 30% to 40%, respectively (FMT,
personal communication).

The Vermelho River (also known as Sao
Lourencgo river) is one of the main rivers that
feeds the Pantanal plain and fundamental for the
maintenance of the Pantanal water regime
(LOVERDE-OLIVEIRA; NASCIMENTO, 2004). The
Pantanal has great ecological value, being
considered a National Patrimony, an area of
international importance by the Convention of
Wetlands (Ramsar) and a UNESCO World
Heritage (FERREIRA, 2013; ANA, 2017).

Inadequate soil management practices
associated with local conditions have favored the

occurrence of erosive processes, leading to soil
nutrients losses and degradation of the Cerrado
lands productivity (GOMES et al., 2019). This
inadequate management has led to an increase
in the contribution of sediments and nutrients to
the Pantanal reducing its

region, support

capacity, resilience and ecosystem services

provision, such as nutrients retention and
recycling , water purification, fish stocks, among
others (BERGIER, 2013; GALDINO; GREGO, 2014;
MORESCHI; PAES; CALHEIROS, 2015). Despite its
current good state of conservation compared to
other large freshwater ecosystems in the world,
the Pantanal has been changing rapidly, and
measures are needed in order to adopt good
practices that minimize such impacts (INSTITUTO

SOS PANTANAL; WWF-BRASIL, 2015).

2.2 Method to evaluate Nitrogen Use Efficiency

In this work, NUE was based on the
principle of Partial Balance of Nutrients (PNB), a
recommended method by the International Plant
Nutrition Institute (IPNI), usually expressed as a
nutrient removal rate (SNYDER, 2009). The NUE is
defined by the ratio between the N outflows and
inputs in the agro-systems, expressed as the mass
fraction (kg kg™2).

A NUE value near 1 can lead to
misinterpretation because it suggests that soil
fertility will be sustainable in the long term.
However, since the balance calculation is a partial
estimate and the removal of nutrients by
processes such as erosion and leaching are
generally not included, a NUE value of 1 is not
used as an indicator of soil fertility sustainability,
particularly in regions with both low fertility soils
and low inputs and production (MATHUR; GOEL,
2017). Values well below 1, where nutrient intake
greatly exceed nutrient removal, suggest
avoidable losses of nutrients to the environment
and therefore the need to improve NUE (SNYDER;
BRUULSEMA, 2007), being the optimal value of
NUE to be reached depending on the production
system and the soil characteristics. NUE greater
than 1 means that more nutrients are removed
with the crop than they are applied by fertilizer, a

situation equivalent to "soil nutrient mining". This
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situation may be desired if soil nutrient levels are
higher than recommended. However, in cases
where the nutrient concentration in the soil is at
or below the recommended levels, NUE greater
than 1 should be considered unsustainable
(BRENTRUP; PALLIERE, 2010).

NUE calculated using PNB is expressed
by the following equation:

NUEPNB = NC/ F

In which NC is the nitrogen content of
the portion harvested from the crop and F is the
amount of nitrogen applied. In this calculation,
the Biological (BNF,
biological fertilization) is also considered as part
of the applied nutrient.

Fixation of Nitrogen

2.3. Data for the calculation of NUE on a
national scale

The N outputs represent the amount of
this nutrient that is removed through the
harvested products (NC, kgN hal yr?). To
calculate these values for the Brazilian states the
extension of cultivated areas (MAPBIOMAS,
2018) and productivity of Brazilian agriculture in
each state for the year 2010 were used (IBGE,
2017a), together with estimates of the N content
for each agricultural product, according to the
United  Nations Food and
Organization (FAQ) and IPNI.

For the N inputs in the agricultural

Agriculture

systems, it was considered the addition of
synthetic fertilizers in the crops as well as the
input by FBN (kgN hal yrl).
consumption data was extracted from IBGE's

Fertilizer

SIDRA database (IBGE, 2017b). The contribution
of BNF to N input in agricultural soils was
obtained from the average rates available in the
literature for the main crops in Brazil.

In general, N inputs and outputs vary in
space and time in real conditions due to the great
diversity of physical elements of the landscape,
soil variety, and climatic conditions. However,
since most of the available input and output data
for N are annual, generalizations were made in
the present work to calculate NUE in Brazilian
territory.

2.4 Data for the calculation of the NUE in
watershed scale

The Vermelho River watershed was used
to investigate changes of NUE in space and over
time at a local scale. The parameters of the
equation (inputs and outputs of N) refer to the
average agricultural productivity of the study
area (IBGE, 2017a). These data (Table 1) were
extracted from the literature and provided by the
Mato Grosso Foundation, an important private
research institution, which works with the state's
farmers to promote agriculture development
(FMT, personal communication).

In order to identify areas destined to the
agricultural production in local scale, data of land
use and land cover (MAPBIOMAS, 2018) were
used and compared with local maps generated by
the Socio-environmental Institute of the Upper
Paraguay Basin in partnership with WWEF-Brazil
(INSTITUTO SOS PANTANAL; WWF-BRASIL, 2015).

Table 1 - Nitrogen inputs and outputs (N; kg N ha™ yr?) in the Vermelho River watershed.

Nitrogen Fluxes Cultivo Agricola kg Nha'ano™ Reference
Soybean 0 Personal communication
Maize 80 Personal communication
N input - Mineral fertilization Alves et al., 2006; Carvalho et
al., 2009; Carvalho; Bernardi,
Cotton 124.8 £19.4 2005; Cruvinel et al., 2011;

Kaneko et al., 2013; Motomiya
etal., 2011
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Alves et al., 2006; Alves;

Soybean 189.8 +40.0 Boddey; Urquiaga, 2003; Filoso
N input — Biological Nitrogen et al., 2006
Fixation -
Maize - -
Cotton - -
Alves et al., 2006; Borkert et
Soybean 177.0+18.1 .
al., 1994; Hungria et al., 2006
. Alves et al., 2006; Coelho et al.,
Maize 94.2+34.0
N output — Harvest 2003
Alves et al., 2006; Carvalho et
Cotton 126.0+11.6 al., 2009; Carvalho; Ferreira;

Staut, 2011

2.5 Analysis and presentation of NUE data

The NUE results for the Brazilian states
and the Vermelho River watershed are presented
in a two-dimensional diagram, which relates the
N outputs (x-axis) and N-surplus in the system
(the difference between inputs and outputs of N,
y-axis). Values of NUE are expressed as the mass
fraction (kg kg?) and the inputs and outputs as kg
ha?l yrl, as suggested by the European Union
Panel of Nitrogen Experts (OENEMA et al., 2015).

The reference lines represent the upper
limits for NUE (0.5 to 0.9),
demonstrating desirable management. The lower

and lower

value of 0.5 used in this study is considered a
viable mean value for practices of many cropping
systems. The target limit of more than 0.9 is
suggested because NUE of 1 may represent soil
mining, since the removal of nutrients by
processes, such as erosion and leaching, is not
included in this approach, as mentioned above.
The exact position of the reference lines is
experimental and should be adjusted in several
cases as the baselines. Target values depend on
the type of farming systems (and food systems)
as well as on the environmental conditions (i.e.,
soils, geomorphology, and climate). The
definition of these target values is therefore a
task involving science, practice, and policy
domains (OENEMA et al., 2015). The desirable
minimum production line represents the average

of the current N production system throughout
Latin America (60 kg N ha).

The data were spatially represented
through a Geographic Information System (ESRI
ArcMap 10.4.1). At the national scale, land use
maps were decomposed into a regular cell grid of
400x400 meters and the percentages of each
class were computed for each cell. The same was
done with a regular grid of 30x30 meters for the
study in the Vermelho River watershed. Since the
"Annual Crops" class (original maps) does not
separate the distribution of soybean, maize, and
cotton crops, data were extracted from the
official surveys of Municipal Agricultural
Production (IBGE, 2017a). The area of each crop
was then equally distributed in the Agriculture
class.

3. RESULTS AND DISCUSSION

3.1 NUE in the agricultural areas of Brazil
distribution of NUE
calculated for agricultural areas in Brazil is shown

The spatial

in Figure 2. Very low values (less than 0.5)
represent the low efficiency in N use and are
observed in parts of the northeast — states of
Pernambuco (PE), Paraiba (PB), and Alagoas (AL)
— and southeast — state of Espirito Santo (ES). In
such states, the N inputs in both the system
through FBN and mineral fertilization are more
than twice as high as the total exported by the
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harvest. The sugarcane, beans, and corn crops
predominate in the northeastern states, which
together represent 80, 72 and 88% of the crop
area of PE, PB and AL, respectively. In Espirito
Santo State, coffee cultivation occupies 80% of
the agricultural area, followed by the cultivation
represents 12% (IBGE,
represents the

of sugarcane, which
2017a).
largest N input in the agricultural soils of these

Mineral fertilization

60°0"0"W

states, except for Paraiba State, in which the
entry of N by biological and mineral fertilization
are equivalent. In Espirito Santo State, about 90%
of the N comes from mineral fertilization. These
results indicate that N management in these
areas has been inefficient since the removal
through agricultural products does not justify the
contribution of N to agriculture.
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Figure 2 - Spatially explicit data of NUE in Brazil.

On the other hand, very high values of
NUE (above 0.9) indicate that the N outputs of
the system exceed the replacement of this
nutrient in the soil, which can lead to N mining,
agricultural soil degradation and productive

capacity losses. For these soils, nutrient

replacement should be carefully considered. The

risk of N mineralization of soils is high for states
of great relevance to Brazilian agricultural
production, such as Mato Grosso State and Mato
Grosso do Sul State (MS). In these states, N
inputs through biological fixation represent more
than 75% of total N added to the environment,

highlighting, in these areas, the importance of
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soybean cultivation. Others important productive
areas located in the Cerrado biome present the
same situation, in which N extraction exceeds the
replacement of this nutrient, leading to economic
and environmental losses, as observed by Gomes
et al. (2019).

3.2 NUE in the Vermelho River watershed -
Upper Paraguay Basin.

The Vermelho River watershed presents
an NUE with values close to the desired
(Table 2).
Between 2000 and 2015, the average N surplus in

maximum considered for Brazil
soils was relatively low (about 14 kg ha?l). As

expected, BNF constitutes the main input of N in

agro-systems (77%), while the addition of mineral
fertilizer represents 23% of the inputs. No
relevant changes are identified for any of the
parameters observed over time, although it was
possible to observe a tendency to decrease the
value of NUE for a lower risk of N mining of the
soil.

Land use changes in the Vermelho River
watershed were intense between 2000 and 2015.
During this period, natural vegetation areas
decreased by 9.1% (10,153 km?) while agriculture
and pasture increased by 9.2% (3,663 km?) and
8.8% (6,652 km?), respectively. The increase in
the agricultural area of the basin was mainly due
to the expansion of soybean and corn crops.

Table 2: Time evaluation of N inputs, outflows and surpluses and NUE results for the Vermelho River
watershed in the years 2000, 2005, 2010 and 2015.

Year 2000 2005 2010 2015
N-inputs (kg ha%) 158.6 164.0 158.3 158.7
N-outputs (kg hal) 145.2 150.6 144.6 143.0
Surplus (kg hal) 13.4 13.5 13.7 15.7
NUE (kg kg) 0.92 0.92 0.91 0.90

3.3 Integrated vision of NUE at different scales
of analysis

The NUE approach presented in this
paper is easily suitable to different food
production and consumption systems and to a
number of scales. The indicator is especially
useful for monitoring changes in efficiency both
from small farms to a national level to detect the
effects of technical progress and policy
interventions on the use of N. Consider limits to
NUE values may be a risky simplification for a
complex production system, as it is the case of
Brazil. However, the use of a standard method of
simple analysis at multiple scales can become an

effective tool as detailed information is not

required for analysis. It allows a comparison
different different
production systems and it is also easy to use by

between regions  with
decision makers that may evaluate measures to
improve NUE in critical regions. Much of the
Brazilian territory presents NUE within the
desirable limits (between 0.5 and 0.9, Figure 3).
These regions are mainly concentrated in the
Brazilian Cerrado and the southern region of
Brazil. It should be emphasized that these
conditions can be changed if there is an
intensification of the use of fertilizers in the
Brazilian territory, as expected in future
projections of the consumption of this nutrient

(MARIN et al., 2016).
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Figure 3 - Spatially explicit data from NUE in Brazil, considering three categories and potential

environmental risks: NUE very low (risk of inefficient use of N), NUE between 0.5 and 0.9 (it comprises
the desired interval for proper N management) and NUE higher than 0.9 (soil N mining risk).

In addition, there are representative
regions of Cerrado with high values of NUE where
production systems use management practices
that cause great risks of both degradation and
loss of soil productivity. Only five from the 26
Brazilian states and the Federal District were
within the desirable average limits considered by
NUE and minimum production of N per hectare
(states of Bahia (BA), Sdo Paulo (SP), Santa
Catarina (SC), Rio Grande do Sul (RS) and Goias
(GO), Figure 4). Although the states with the
highest agricultural production are of undoubted
importance to the Brazilian economy, Mato
Grosso, Mato Grosso do Sul and Parana (PR)
present an average of NUE above desirable value,
being necessary measures of adequacy of the
productive system, such as the application of the

method of 4R
Stewardship, which means right source of

management Nutrient
nutrients, in the right dose at the right time and
at the right place, to avoid soil N mining
(CASARIN; STIPP, 2013).

Although some states present adequate
NUE such as Piaui (Pl), Roraima (RR), and
Rondonia (RO), the amount produced per hectare
is considered low in comparison to the rest of
Brazil. This represents a low productive capacity
of the region dedicated to agricultural activities,
which can encourage the expansion of
agricultural areas to natural regions to increase
food production. On the other hand, the other
Brazilian states, on average, present NUE with

inadequate values and the current need for
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adequacy in agricultural management to

guarantee a sustainable production system.
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Figure 4 - Nitrogen Use Efficiency (NUE) in the Vermelho River watershed and in the Brazilian states.

the
Vermelho River watershed presents the NUE for

Facing the national framework,
agricultural systems close to 0.9. The NUE values
for the cropping system are slightly above the
target range, meaning a risk of soil mining. To
ensure a more sustainable system and prevent
soil degradation and nitrogen mining, it is
possible to propose a more sustainable practice
preserving both the soil and the environmental
characteristics, thus improving the efficiency in
the use of fertilizers. An option to improve the
production system is to increase NUE's desirable
upper further
agricultural practices to prevent N loss through

limit by development of
leaching, erosion, and emission. Compared with
other regions of Brazil, the NUE of the Vermelho
River watershed is close to the values found for
the whole Midwest region (Federal District (DF),
and states of Mato Grosso, Mato Grosso do Sul
and Goias) and also the Brazilian average of NUE
(0,89).

The efficient use of N in agriculture does
not necessarily represent the sustainability of the

use of this nutrient, the latter being a much
broader concept (OENEMA et al., 2015). The
purpose of using NUE as an indicator in agro-
systems is to evaluate the relationships between
N inputs and outputs in agricultural soils,
indicating possible limitations or excesses, which
are related to losses in productivity and/or
increase in emissions of nitrogen compounds to
atmosphere and water bodies. This tool can
subsidize the identification and planning of
necessary actions to promote changes in the use
of N in agricultural systems at different scales.
Other data the
interpretation of NUE to adequately investigate
agricultural sustainability (NORTON; DAVIDSON;
ROBERTS, 2015). In principle, all inputs and

outputs of N must be incorporated into the

can be wused in

calculation of NUE, however, in practice, accurate
information can limit this approach. In addition to
mineral and biological fertilization, other
entrances of N into the agro-systems may play an
important role, such as atmospheric deposition

and animal fertilizers. As agricultural systems are
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not closed, losses of N to the atmosphere and
water bodies characterize other outputs of this

4. FINAL CONSIDERATIONS

The results obtained in this work illustrate the
in the
agricultural areas of Brazil. Although some places

heterogeneity of N use efficiency
exhibit satisfactory NUE values according to
defined parameters (states of Sdo Paulo, Bahia,
Rio Grande do Sul and Goids), most of the
Brazilian territory present more extreme values,
with areas subject to N mining (part of the
Midwest, South and North region) and others in
which N incorporated in agriculture is not
effectively transformed into harvested products
(much of the Northeast and Southeast of Brazil).

Brazil has great relevance in the world scenario
and requires good practices of
management to maintain productivity associated
with environmental and social sustainability.
Thus, the efficiency improvement of nutrient use,

nutrient

especially in the areas identified by this work,
should be considered as a fundamental goal to
achieve the SDGs, due to the innumerable future
challenges to produce more food with less
impact. Policies implementation or other
mechanisms to achieve both SDGs and greater
food security should consider faster production
development and wider adoption of new
technologies.

Despite the generalizations required due to the
represented scales and data availability, the
spatial analysis of NUE performed for the study
area is unprecedented and it allows a better
understanding of the recent changes related with
agricultural practices in the N cycle in Brazil.
Although NUE does not consider all these inflows
and outflows, this indicator is considered feasible
for the analysis performed in the present work.
Furthermore, since it is a common worldwide
used indicator, NUE facilitates better monitoring
and evaluation of public policy performance
several with different

applied in regions

environmental characteristics.
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