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ABSTRACT: The Cerrado (Brazilian savannah) is a biome of great socio-economic and 
environmental importance to Brazil. The rapid agricultural expansion in the Cerrado 
biome areas promoted biogeochemical cycles that affect nitrogen and carbon dynamics, 
leading to increased greenhouse gas (GHG) emissions. In Brazil, nitrous oxide (N2O) 
is the main gas in agriculture, and agricultural practices increase emissions into the 
atmosphere. This review aimed to assess the influence of agriculture on N2O emissions 
in the Cerrado region, based on existing data in the literature, and extract patterns of 
direct N2O emissions in different agricultural systems in the Cerrado from existing data. 
A systematic review of data from 36 scientific publications in the Cerrado region with 
several crop systems revealed that N2O emissions varied from 0.15 kg ha-1 in native 
cerrado to 4.84 kg ha-1 in conventional tillage. Agricultural systems, nitrogen fertilizer 
application, and crop residues influence N2O emissions. One of the strategies to mitigate 
emissions is the sustainable intensification of farming systems. Cumulative N2O emissions 
in the Cerrado range from 0.001 to 4.84 kg ha-1 in different land-use scenarios. Soil under 
the conventional tillage system (CT) had the highest emissions, with an overall average 
of 1.58 kg ha-1 of N2O, compared to no-till system (NT) (0.82 kg ha-1) and native Cerrado 
0.15 kg ha-1. Integrated crop-livestock (ICL) systems in the Cerrado had emissions with 
an overall average of 1.68 kg ha-1, integrated crop-livestock-forest systems (ICLF) had 
1.20 ha-1, and eucalyptus plantations had 0.48 kg ha-1.
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INTRODUCTION
On a global scale, the main changes in the Earth’s climate are due to global warming 
and are associated with a greater frequency of extreme weather phenomena 
(Galaz et al., 2018). Since the Industrial Revolution, there has been a significant increase 
in the planet’s temperature, amplified by agricultural and industrial production, and 
consequently an increase in greenhouse gases (GHGs) (Ren et al., 2017). The warming 
of the Earth’s surface occurs due to the reception of energy in short and long waves, 
GHGs absorb in wavelength and, the greater the concentration of these GHGs, the 
greater the effect of absorption of long-wave energy and emission to the surface, 
increasing global temperature (NOAA, 2020).

Average temperature of planet Earth is rising, and since the last century, global 
temperatures have risen more than 1 °C above their pre-industrial levels, affecting 
weather patterns (Shukla et al., 2019). Furthermore, the acceleration of economic 
growth has encouraged the exploitation of natural resources, particularly minerals and 
fossil fuels, in addition to increasing food production. The United Nations (NU) predicts 
that the world’s population will exceed 9 billion by 2050, which poses the challenge of 
increasing agricultural production sustainably (WWAP, 2015).

Greenhouse effect was first described by the French mathematician Jean-Baptiste Joseph 
Fourier in 1824; he observed that the atmosphere warms the planet and compared it to the 
glass shell of a greenhouse, which absorbs solar radiation and retains thermal radiation. 
This is a natural phenomenon caused by certain greenhouse gases in the atmosphere, 
which causes infrared radiation to be retained, which is responsible for maintaining heat 
from the sun and keeping the planet warm (Fourier, 1827). However, the problem is not 
the greenhouse effect per se, but the excessive and rapid increase in GHG emissions, 
especially in the last 200 years with the acceleration of fossil fuel consumption, waste 
generation, deforestation and fire. If GHG emissions are not mitigated by 2100, the sea 
level will likely rise between 0.61 and 1.10 m (Shukla et al., 2019).

Climate change is one of the most relevant issues of recent decades. Despite the natural 
changes in the climate throughout history, environmental changes are increasingly 
considered due to human activities. In 2020, the concentration of carbon dioxide (CO2) 
in the atmosphere reached 413 ppm (NOAA, 2020), and recent studies show that this 
concentration will exceed 427 ppm CO2 by 2025 (De La Vega et al., 2020).

Global concern about climate change associated with anthropic activities and natural events 
necessitates expanding research in these areas. These changes related to greenhouse 
gas (GHG) emissions are increasing, as are advanced in research and debates on the 
topic (Almeida et al., 2015).

The leading cause of global warming is the amplification of the greenhouse effect, which 
has been enhanced mainly by agricultural and industrial activities (Seeg-Brasil, 2019). 
The increase in the concentration of greenhouse gases in the atmosphere, which include 
CO2, CH4 (methane) and N2O (nitrous oxide), promotes climate changes, and these have 
been the primary gasses contributing to global warming due to the increase in infrared 
radiation in the atmosphere (Oertel et al., 2016; Ren et al., 2017).

Three GHGs most affected by agriculture are CO2, CH4, and N2O, which are essential for 
the Earth’s radioactive balance (Gardi et al., 2014). Agriculture plays a significant role in 
the variation of GHG concentrations and contributes 10-14 % of total global emissions, 
of which 50-60 % come from N2O and CH4. These gases (N2O and CH4) are directly linked 
to agricultural soils and their inputs (Shakoor et al., 2020). Nitrogen dioxide is one of 
the most critical greenhouse gasses and has a lower concentration in the atmosphere, 
as it has 265 times greater heating power than CO2 (IPCC, 2014). Moreover, it remains 
in the atmosphere for more than 130 years (Myhre et al., 2013; Beuchle et al., 2015). 
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The main share of GHG emissions in Brazil is related to CO2 due to the change in land 
use caused by the exploitation of agricultural activities, which will significantly increase 
the concentration of this gas by 2100 (Goldman et al., 2017). Among GHGs, N2O is the 
most important for agricultural systems since 70 % of their global emissions come from 
nitrogen dynamics in the soil (Ussiri and Lal, 2013).

One of the most biodiverse savannas globally, the Brazilian Cerrado occupies 2 million km², 
about 24 % of the national territory, and is a biome of great importance for food production, 
agro-energy and its biodiversity (Bonanomi et al., 2019). In Brazil, 85.4 % of total N2O 
emissions come from agriculture (Seeg-Brasil, 2020), of which 17 % are due to fertilizer use 
and crop residue management (Seeg-Brasil, 2019). In 2019, approximately 598.7 million 
tons of CO2-eq were emitted from land-use change and cattle grazing, accounting for 
more than half of all GHG emissions (Seeg-Brasil, 2020).

Among the different factors affecting N2O emissions in agricultural soils, the conversion 
of native Cerrado vegetation to agroecosystems favors the emission of N2O to the 
atmosphere, under sugarcane cropping systems (Silva et al., 2017), integrated 
cropping-livestock production, no-till and conventional tillage (Martins et al., 2015; 
Carvalho et al., 2017; Sato et al., 2017). In addition, N2O emissions are usually associated 
with soil moisture (Carvalho et al., 2013; Santos et al., 2016) and nitrogen fertilizer 
application (Carvalho et al., 2016; Silva et al., 2017).

The first studies published in Brazil on N2O emissions were developed in the Amazon 
region by Davidson et al. (2001). They presented annual N2O values ranging from 1.4 
to 2.4 kg ha-1 yr-1, while in the Cerrado areas, annual average flows were close to zero 
(0.4 kg ha-1 yr-1). These low annual N2O flows were attributed to the conditions of aeration 
and drainage of the Cerrado Oxisols, a predominant soil under natural vegetation that 
favors soil aggregation (Bronick and Lal, 2005). Among the factors favoring higher 
N2O fluxes in the Brazilian Cerrado, soil moisture had the highest association with N2O 
emissions, followed by mineral N in the soil (NO3

- and NH4
+) and sources of mineral 

nitrogen (Carvalho et al., 2021).

The N2O emissions in field conditions have been performed systematically since 2001. 
Published papers in indexed journals generated from these studies changed the average 
direct emission factor of N2O from Brazil, published in IPCC reports (Intergovernmental Panel 
on Climate Change), from 1 % (0.3-3 %) to 0.30 % (0.20-0.47 %). Specifically, concerning 
mineral fertilizers, organic and N mineralization of crop residues, the methodology for 
assessing N2O emissions proposes that 1 % of the amount of N applied is lost in the 
form of N2O (IPCC, 2006). This was a result of great relevance for Brazil before the 
United Nations Conference of the Parties on Climate Change, which until then had its 
emissions based on data collected in a temperate climate region that overestimated the 
emission factors calculated for Brazil. These results should subsidize the government 
in complying with international global climate change agreements, such as at COP26 
(UN’s 26th Conference of the Parties on Climate Change), to achieve the GHG emission 
reduction target. They can also contribute to formulating public policies on climate change 
mitigation and adaptation, where the Low Carbon Agriculture Programme represents a 
government policy in this area (Norse, 2012). Therefore, it is necessary to obtain more 
data on N2O emissions in the Cerrado region and Brazil. One of the limitations for research 
on N2O emissions is the need for more investments in infrastructure, training of new 
research groups in Brazil. In addition, several evaluations are required throughout the 
crop cycle and agricultural systems. The covariable evaluations for the interpretation 
of the data, such as soil moisture, doses and sources of nitrogen fertilizer applied, NH4

+ 
and NO3

- in the soil, can lead to high analysis costs. Despite this, it is essential to have 
more information on N2O emissions in the different Brazilian biomes and agroecosystems. 
It is possible to have the whole panorama of emissions of this gas to feed the database 
generated in the country. 
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Considering the importance of agricultural expansion in the Cerrado and the adoption of 
agricultural systems with the potential to mitigate N2O emissions from soil, the objective 
of this review was to assess the influence of agriculture on N2O emissions in the Cerrado 
region. The review is based on existing data in the literature, and we aim to extract 
patterns of direct N2O emissions in different agricultural systems.

MATERIALS AND METHODS
Systematic literature searches were conducted in four databases for articles published 
between 1988 and April 2021: Web of Science: Main Collection (Clarivate Analytics), 
ScienceDirect (Elsevier), Scopus (Elsevier), and Brazilian Agricultural Research (PAB) 
Journal (Scielo). Duplicate references were excluded at the end of the search in  
each database. 

The following criteria were used to select the articles for the literature review: (a) 
greenhouse gases in agriculture; (b) N2O fluxes in agricultural systems in the Brazilian 
Cerrado; (c) agricultural systems and N2O; (d) climate change in the Brazilian Cerrado. 
Studies that did not contain this information were excluded. Articles under the global 
aspect that included information on the following topics were also used: (a) climate 
change; (b) factors affecting greenhouse gas emissions; and (c) soil organic matter.

When indexing the terms, the search in “title”, “abstracts”, and “keyword” was selected 
in the Web of Science and PAB databases. In the other databases (Science Direct and 
Scopus), the fields “title”, “abstracts”, and “keywords” also were adopted. The strategy 
used aimed to find a more extensive set of papers within the set criteria. Thus, it was 
possible to select articles written in English and Portuguese.

In the Web of Science database, to find the terms of interest, the following keywords 
were used in the first search: nitrous oxide AND soil AND organic matter. A total of 1.490 
papers were detected. To refine this search and exclude documents that did not address 
the Brazilian Cerrado, a different set of terms was used: nitrous oxide AND soil AND 
organic matter AND Cerrado. Here the database returned seven results. When using 
the keywords: nitrous oxide AND soil AND Cerrado, specifying the titles, the database 
generated only one result. The arrangement used in the final indexing was: nitrous oxide 
AND soil AND Cerrado, in all search fields, which identified 27 published articles.

The search performed on Science Direct used the same keywords on Web of Science 
from 1995 to 2021, where 18.921 results were obtained. This search was refined with 
the following arrangement of terms: nitrous oxide AND soil AND Cerrado, which yielded 
174 results. In review articles and articles, 126 articles were found. Another attempt 
at the arrangement: nitrous oxide AND soil AND Cerrado AND organic matter, yielded 
130 results, but the data was not concentrated in the Brazilian Cerrado. The final index 
words used were: nitrous oxide AND soil AND Cerrado, search field “titles”, “abstracts” 
and “keywords”, which generated 26 published articles.

In the Scopus database, the words used in the initial search were: nitrous oxide AND soil 
AND Cerrado, which generated 789 results. The arrangement used in the final indexing 
was: nitrous oxide AND soil AND Cerrado, search field: “title”, “abstract” and “keyword”, 
which generated 23 published articles. In the PAB database, the terms used were: nitrous 
oxide AND soil AND Cerrado, all fields, which generated seven published articles. From 
these results, within the context, a selection step was necessary that considered the 
association of the generated papers, removed the duplicate documents and selected 
according to the research. After the selection, 36 different published articles were 
obtained (Figure 1).

Research with soil N2O assessments in the Brazilian Cerrado intensified after 2006, with 
further studies from 2011 (Figure 2). The GHG emission factor until 2006 in Brazil was 



Sousa et al. N2O emissions from soils under different uses in the Brazilian Cerrado...

5Rev Bras Cienc Solo 2021;45:e0210093

calculated with data from other countries. In 2010, Brazil made a voluntary commitment 
to reduce its GHG emissions (Brasil, 2012), which allowed for a more significant number 
of local studies in Brazil.

BRAZILIAN CERRADO 
Cerrado is the second largest Brazilian biome, known for its phytophysiognomic diversity 
and for having a rich flora among the world’s savannas (Bustamante et al., 2012), 
with about 200 million hectares, in the mid-west of Brazil (Silva and Bates, 2002). The 
conversion of native areas to agriculture exceeds 30 % in most regions and more than 

Figure 1. Schematic showing the procedures used to select the articles in the different databases 
(PAB – Pesquisa Agropecuária Brasileira).
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Figure 2. The number of articles published on N2O emissions in the Brazilian Cerrado.

Years

19
95

19
98

20
01

20
02

20
04

20
06

20
07

20
11

20
13

20
14

20
15

20
16

20
17

20
19

20
20

20
21

Nu
m

be
r o

f p
ub

lic
at

io
ns

0

1

2

3

4

5

6

publications



Sousa et al. N2O emissions from soils under different uses in the Brazilian Cerrado...

6Rev Bras Cienc Solo 2021;45:e0210093

50 % in three regions, namely Central Highlands (50.2 %), Paraná-Guimarães (61.9 %) 
and Pará Basalts (71.5 %) (Sano et al., 2019).

Cerrado climate is considered seasonal, with rainfall events from October to March and 
drought from April to September. Temperatures are usually between 22 and 27 °C, and 
the average annual precipitation is about 1,500 mm (Silva et al., 2014). Due to intense 
changes in land use over the years, only 20 % of the Cerrado biome is still preserved 
without human intervention (Strassburg et al., 2017).

Brazil has become a significant exporter of agricultural commodities in recent decades 
thanks to the expansion and consolidation of agriculture in the Cerrado (Rada, 2013). 
It is expected that agriculture will continue to grow in the Cerrado. The change in land 
use (Soterroni et al., 2019) leads to environmental problems and likely regional climate 
changes (Beuchle et al., 2015). Besides impacting chemical, physical and biological 
properties of the soil (Carneiro et al., 2009; Ferreira et al., 2016), altering N2O fluxes 
from the soil to the atmosphere.

Rapid agricultural expansion of the Cerrado has caused substantial changes in 
biogeochemical cycles (Cruvinel et al., 2011), especially in the dynamics of N and P 
(Bustamante et al., 2012) and increased greenhouse gas (GHG) emissions, mainly of 
N2O, contributing to climate change (Strassburg et al., 2014).

Results of research in the Cerrado (Santos et al., 2016; Carvalho et al., 2017; Sato et al., 
2017; Figueiredo et al., 2018; Sato et al., 2019) showed reductions in N2O emissions, with 
the use of agricultural practices as crop rotation, including rotation between legumes 
and some grasses, such as Brachiaria spp, which promote lower dependence on external 
sources of N (Hungria et al., 2016).

Dynamics of nitrogen in soil 

Most of the N2O emitted by soil comes from two biological processes: Nitrification 
and Denitrification. In agricultural soils, denitrification and nitrification are the main 
microbial processes responsible for the production of N2O, even if they are not the 
principal end product of these processes (Signor and Cerri, 2013). Nitrogen (N) in the 
biosphere is in the form of organic compounds synthesized by plants and microorganisms. 
For plant uptake, the organic forms of N are converted to ammonium (NH4

+) and 
nitrate (NO3

-) through the processes of ammonification and nitrification (Hirsch and 
Mauchline, 2015). The N available in the soil depends on the C/N and lignin/N ratio 
of the residues (Carvalho et al., 2012). A high ratio promotes the immobilization 
of N in the soil and residues with a low C/N ratio (between 10 and 20), causing the  
mineralization process.

In the conceptual model that incorporates several soil variables, the emission of N2O and 
nitric oxide (NO) is regulated by the amount of fluid flowing through the “tube”, which 
is similar to the oxidation rates of NH4

+ by nitrifying bacteria and a reduction of NO3
- by 

denitrifying bacteria, as well as by the amount of N circulating outside the “tube”, such 
as NO and N2O and determined by various soil properties (Davidson et al., 2000). The 
N2O is formed by nitrification under aerobic conditions and denitrification under anaerobic 
conditions (Signor and Cerri, 2013). The NO3

- is formed by the oxidation of NH4
+ by the 

action of aerobic bacteria, while ammonification converts NH4
+ by mineralization of organic 

matter (Thomson et al., 2012). The main soil and aquatic bacteria that oxidize NH4
+ to 

nitrite are Nitrosomonas and Nitrosospira, while Nitrobacter is the primary bacteria genus 
that oxidizes nitrite to NO3

- (Mosier et al., 2006).

Denitrification is the microbiological reduction of NO3
- or nitrite to N-gas carried out by 

anaerobic and heterotrophic bacteria (Cameron et al., 2013; Signor and Cerri, 2013), with 
N2O produced and released to the atmosphere during the processes (Baggs and Philippot, 
2010). Pinto et al. (2002) hypothesized that low nitrification rates and low levels of NO3

- in 
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soil lead to lower fluxes of N2O and that soils under native vegetation have efficient 
cycling and little N is lost through leaching and denitrification (Bustamante et al., 2006).

FACTORS INFLUENCING N2O EMISSIONS IN SOIL
The N2O emissions to the atmosphere are influenced by several factors, such as: soil 
moisture (Santos et al., 2016), N availability, pH (Carvalho et al., 2017), application of 
nitrogen fertilizers (Campanha et al., 2019), in addition to tillage practices that accelerate 
the oxidation process of organic matter and contribute to the increase in N2O emissions 
(Santos et al., 2016).

Among the factors favoring higher N2O fluxes in the Brazilian Cerrado, soil moisture had 
the highest association with emissions, followed by mineral N in the soil in the form 
of NO3

- and NH4
+ and sources of mineral nitrogen (Table 1). Of the eighteen studies 

conducted in the Cerrado, seventeen were related to water-filled pore space (WFPS), 
twelve to mineral N, two to N sources, and four to soil temperature.

Some soil and climate variables are essential to explain the N2O flows of the soil and 
are very important for future modeling exercises. Therefore, there is a protocol for 
measuring N2O flows from the soil in air sampling (Zanatta et al., 2014), and other data 
called covariables are also collected. Some variables are listed below, but the GHG 
modeling teams must confirm whether they are sufficient and at what frequency these 
evaluations will be required. The recommended meteorological variables are precipitation 
and average air temperature, both obtained from meteorological stations. The following 
analyses are suggested among the soil variables: mineral N (NH4

+ and NO3
-), soil humidity 

and temperature (Zanatta et al., 2014). 

Availability of N, humidity and temperature

One of the main sources of N2O emissions is applying N fertilizer in agricultural systems 
(Zanatta et al., 2014), and crops with high N demand have the potential to N2O emissions. 
The N2O fluxes are increased after the application of N fertilizers (Carvalho et al., 2017; 
Santos et al., 2016; Martins et al., 2015), and the combination of fertilizers with irrigation 
(Silva et al., 2017; Carvalho et al., 2021) is one of the indicators with the most significant 
influence on N2O emissions.

Soil moisture is a crucial variable for N2O emissions. Aerated soils with water-filled pore 
space (WFPS) between 35 and 60 % promote the formation of N2O as a by-product of 

Table 1. Relation of variables associated with soil N2O emissions in the Cerrado 

Factors associated with 
N2O emissions in the soil Reference

Watter-filled pore space

Metay et al. (2007), Cruvinel et al. (2011), Carvalho et al. 
(2013), Martins et al. (2015), Carvalho et al. (2016), Correa et al. 
(2016), Nogueira et al. (2016), Santos et al. (2016), Petter et al. 

(2016), Carvalho et al. (2017), Sato et al. (2017), Silva et al. 
(2017), Campanha et al. (2019), Oliveira Filho et al. (2020), 

Carvalho et al. (2021) and Oliveira et al. (2021). 

Mineral N

Cruvinel et al. (2011), Carvalho et al. (2013), Martins et al. 
(2015), Carvalho et al. (2016), Correa et al. (2016), Santos et al. 

(2016), Sato et al. (2017), Silva et al. (2017), Figueiredo et al. 
(2018), Campanha et al. (2019), Oliveira Filho et al. (2020) and 

Carvalho et al. (2021).
Sources of N Nogueira et al. (2016) and Oliveira Filho et al. (2020).

Soil temperature Correa et al. (2016), Nogueira et al. (2016), Santos et al. (2016) 
and Figueiredo et al. (2018).
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nitrification. The WFPS above 60 % favors denitrification reactions with greater emission 
of this gas, and anaerobiosis favors losses in the form of N2 or N2O (Davidson et al., 2000; 
Jantalia et al., 2007). Soil water content is essential in this process as it controls the 
transport of oxygen and the escape of gases such as NO, N2O and N2 to the atmosphere 
(Baggs and Philippot, 2010). In addition, the presence of water and fertilizers increases 
the productivity of the production system, which also leads to a greater potential for N2O 
emissions (Liu et al., 2011). However, the adaptation, duration, and quantity of water in 
these systems can mitigate N2O emissions (Scheer et al., 2008).

Another important factor is soil temperature. Its increase causes an increase in the 
metabolic rates of denitrifying bacteria, producing more N2O up to an optimal soil 
temperature (Braker et al., 2010). The temperature in conjunction with soil moisture 
affects N2O fluxes, and N conversion rates are low at mild temperatures (around 14 °C) 
and increase with increasing temperature (23-30 °C) (Liu et al., 2011). 

Agricultural systems

Adoption of practices that enhance soil conservation is essential for the development 
of sustainable agriculture. Agricultural systems such as no-till (NT), Integrated Crop-
Livestock (ICL), Integrated Crop-Livestock Forestry (ICLF), consortium, crop succession 
and crop rotation are sustainable alternatives that are increasingly used in the Cerrado 
region. Studies show their benefits in reducing N2O (Cruvinel et al., 2011; Carvalho et al., 
2016, 2017; Santos et al., 2016).

No-tillage system does not disturb the soil and form straw, promoting land cover and 
depends on rotation and/or intercropping for straw production (Santos et al., 2014; 
Carvalho et al., 2016). In the Cerrado, soil losses under this production system are 
minimal, between 0.01 and 1.15 Mg ha-1 yr-1 (Anache et al., 2018). As a result, there is an 
increase in the production capacity of farming systems (Soares et al., 2019). The increase 
in N2O emissions in CT can be associated with plowing the soil, as the decomposition 
of crop residues is accelerated and anaerobic sites are created, causing peaks in N2O 
emissions (Ussiri and Lal, 2013). Some studies in Cerrado reported lower N2O emissions 
in NT than in CT (Sato et al., 2017, 2019), while others observed higher NT emissions 
(Liu et al., 2007).

Abdalla et al. (2014) compared reduced cropping in conjunction with cover crops under 
NT. They concluded that the efficiency of the minimum cropping system in mitigating 
GHG depends mainly on the carbon sequestration by the cover crop species used 
in the system, through higher carbon input and increases in carbon dioxide uptake 
by the cover crop. Furthermore, Silva (2020) observed that during corn crop season 
cultivated in succession to Cajanus cajan, N2O emissions were higher (0.985 kg ha-1) 
than with Crotalaria juncea (0.772 kg ha-1), indicating that N2O emissions also depend 
on plant species. 

One strategy to mitigate GHG emissions is the sustainable intensification of agricultural 
systems. The ICLF is one of the technologies included in Brazil’s voluntary commitments 
to reduce GHG emissions at the 15th Conference of the Parties (COP-15) to the United 
Nations Framework Convention on Climate Change in Paris (Brasil, 2010). Its use was 
highlighted as a sustainable agricultural system that avoids deforestation and considers 
the growing demand for food and energy (Smith, 2015). In addition, these systems 
optimize the biological cycles of plants and animals and inputs and cultural residues. 
They offer significant benefits to the land, such as water conservation, wood production 
and animal welfare (Cordeiro et al., 2015). However, it is necessary to assess the impact 
of this system on N2O emissions (Carvalho et al., 2017) as all ICLF components compete 
for resources, water, light and nutrients (Franchini et al., 2014). 

In the Cerrado, ICL is an alternative to reverse pasture degradation and improve soil 
quality and organic matter content (Vilela et al., 2012), depending on the profile and 
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objectives of each agricultural plot, alternating crop species with livestock and making 
the system more diversified and complex (Cordeiro et al., 2015). They are efficient 
systems for recycling nutrients, improving soil quality (Salton et al., 2014) and reducing 
N2O emissions (Carvalho et al., 2017; Sato et al., 2017, 2019).

THE CASE OF THE BRAZILIAN CERRADO
Different agricultural systems affect soil N2O emissions. Obtaining direct standards for 
N2O emissions from soils in different agrosystems in the Brazilian Cerrado is necessary 
for GHG mitigation in this region. Of the 36 studies evaluated in the Cerrado, the average 
cumulative N2O emissions from agroecosystems were less than 5 kg ha-1 for changes in 
land use, agricultural system, fertilizer use, and soil properties (Figure 3). In the results 
obtained, emissions differed mainly with the cropping system, soil preparation, differences 
in crop rotation, and fertilization strategies (Table 2).

The N2O emissions ranged from 0.001 to 4.84 kg ha-1 in different agricultural systems 
(Figure 3), with the lowest values in the native Cerrado, which is not a natural source 
of N2O (Metay et al., 2007; Cruvinel et al., 2011; Carvalho et al., 2017). These results 
show that N2O emissions in agroecosystems are related to different combinations, such 
as soil tillage, water regime, crop rotation and fertilizer use. It is important to note that 
all articles published on N2O emissions were performed on clay soils. Therefore, studies 
in soils with medium and sandy textures are also relevant and should be a direction for 
future researches. 

The highest N2O emissions were obtained from dry corn cultivation at CT (4.84 kg ha-1), 
and N fertilizer application of 32 kg ha-1 at planting and 112.5 kg N ha-1 in topdressing 
as urea, followed by corn at NT (3.36 kg ha-1) with the same N fertilizer application on 
CT (Campanha et al., 2019). These authors associated N2O fluxes with mineral N in the 
soil, with a dominance of NH4

+, together with WFPS (about 66 %); total accumulated N2O 
(cropping cycle + fallow) was 10 times higher in upland corn with fertilizer at CT and 
NT than in upland corn treatments without fertilizer use. Nitrous oxide emissions were 
30 % lower under NT than CT (Campanha et al., 2019).

Several studies presented an increase in N2O emissions after using N fertilizers (Signor 
and Cerri, 2013; Piva et al., 2014; Martins et al., 2015; Santos et al., 2016). Santos et al. 
(2016) determined higher peak N2O fluxes (260 µg m-2 h-1) after nitrogen fertilization 
as urea and in soils with higher moisture content, with WFPS with maximum values 
of 90 %. The authors also related these fluxes to changes in soil NO3

- contents; in the 
rainy season, NO3

- contents varied from 0 to 18.70 mg kg-1 and 14.71 mg kg-1 in CT and  
NT, respectively. 

Lower N2O emissions in NT have been identified in several studies (Santos et al., 2016; 
Sato et al., 2017, 2019; Figueiredo et al., 2018), highlighting the differences between 
cropping systems. Sato et al. (2019), in a continuous cropping system (CC) with pronounced 
soil preparation, presented 1.80 and 0.90 kg ha-1 in 146 days when intercropping sorghum 
with Brachiaria brizantha at CT and NT, respectively, and 0.79 kg ha-1 under ICL. The 
same plot presented 2.55 kg ha-1 in 375 days in CC at CT and 1.90 kg ha-1 in CC at NT, 
and 1.52 kg ha-1 under ICL (Sato et al., 2017). In long-term systems, cumulative N2O 
emissions are greater under CT than under NT, and ICL is an alternative to low-carbon 
agriculture in GHG mitigation. However, other studies showed no differences in N2O 
emissions between different cropping systems (Metay et al., 2007; Carvalho et al., 
2016), with values below the detection limit of 0.6 ng cm-2 h-1 (Carvalho et al., 2006; 
Jantalia et al., 2008).

In sugarcane cultivation in the Cerrado, the combination of vinasse (V) and mineral 
N (N) promoted higher values of N2O emissions (2.1 kg ha-1) compared to the use 
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Table 2. Cumulative N2O fluxes from soils under different systems in the Brazilian Cerrado

Reference Geographical location Treatment Agricultural System Cumulative N2O

Poth et al. (1995) 15° 55’ 58” S,  
47° 51’ W CER 0.40 ng m-2 s-1

Poth et al. (1995) CER + burned 1.37 ng m-2 s-1

Anderson and Poth 
(1998)

15° 55’ 58” S,  
47° 51’ 02” W CER + burned (45 d and 20 y) <0.6 ng cm-2 h-1

Pinto et al. (2002) 15° 56’ S, 47° 51’ W CER SS and CER SS + burned <0.6 ng cm-2 h-1

Carvalho et al. (2006) C-5 d N (Crop rotation C-S crop 
sucession CP) 6 y old NT/CT <0.6 ng cm-2 h-1

Metay et al. (2007) OFF (Rotation R-BA-S-CJ) 5 y old 0.035 kg ha-1

Metay et al. (2007) DMC (Rotation R-BA-S-CJ) 5 y old NT 0.031 kg ha-1

Cruvinel et al. (2011) S-NF (Rotation) + 10 y old NT 0.1 kg ha-1

Cruvinel et al. (2011) CO-BA + 10 y old NT 0.1 kg ha-1

Cruvinel et al. (2011) C+BA-B(I) + 10 y old NT 0.2 kg ha-1

Cruvinel et al. (2011) CER -0.2 kg ha-1

Carvalho et al. (2013) 16° 29’ 17” S,  
49° 17’ 57” W

B(I) (Crop rotation; cultivated 
residues corn) NT 0.094 kg ha-1

Carvalho et al. (2013) B(I) + MU (Crop rotation) NT 0.213 kg ha-1

Carvalho et al. (2013) B(I) + NPK (Crop rotation; 
cultivated residues corn) NT 0.107 kg ha-1

Carvalho et al. (2013) B(I) + MU + NPK (Crop rotation) NT 0.229 kg ha-1

Carvalho et al. (2013) CER 0.001 kg ha-1

Carvalho et al. (2014) Crops (Plant sucession  
CO-S-C-PG-NF) 20 y old NT 0.57 kg ha-1

Carvalho et al. (2014) Crops (Crop rotation  
S-C + BA-CO-NF) 9 y old NT 2.0 kg ha-1

Carvalho et al. (2014) P 23 y of use 1.67 kg ha-1

Buller et al. (2015) 19° 16’ 46.90” S,  
4° 36’ 2.35” W

P (Crop rotation with biennial 
crops) NT 1.043 kg ha-1

Buller et al. (2015) ICLF (Integrated system 
SW-C-P-E planting 1-2 old) NT 1.043 kg ha-1

Buller et al. (2015) ICL + Fe (Integrated system 
SW-C-P) NT 3.886 kg ha-1

Buller et al. (2015) ICLF + NPK + Fe (Integrated 
system SW-CC-P-E 1-2 old) NT 1.600 kg ha-1

Buller et al. (2015) ICL + NPK + Fe (Integrated 
system SW-CC-P) NT 1.302 kg ha-1

Martins et al. (2015) 12° 00’ S, 46° 03’ W C + RU (Crop rotation) C-S)  
11 y old NT 0.0013 ± 0.0005 kg ha-1

Martins et al. (2015) C + UZ (Crop rotation) C-S)  
11 y old NT 0.0020 ± 0.0002 kg ha-1

Martins et al. (2015) C + CN (Crop rotation) C-S)  
11 y old NT 0.0020 ± 0.0006 kg ha-1

Martins et al. (2015) C + AS (Crop rotation C-S)  
11 y old NT 0.0027 kg ha-1

Carvalho et al. (2016) 15° 39’ S, 47° 44’ W C-CJ (Sucession) 6 y old NT 0.7 kg ha-1

Carvalho et al. (2016) C-MP (Sucession) 6 y old NT 1.0 kg ha-1

Carvalho et al. (2016) C-NF (Sucession) 6 y old NT 0.9 kg ha-1

Carvalho et al. (2016) C-CJ/MP (Sucession) 6 y old CT 0.9 kg ha-1

Carvalho et al. (2016) C-NF (Sucession) 6 y old CT 0.5 kg ha-1

Continue
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Continuation

Correa et al. (2016) 16° 29’ 59” S,  
49° 17’ 35” W

P-ILC (Annual crop rotation) 
10 y 1.64419 kg ha-1

Meurer et al. (2016) Biome CER 0.14 kg ha-1

Nogueira et al. (2016) 11° 51’ S, 55° 35’ W E 1 y old F 0.165 kg ha-1

Nogueira et al. (2016) S/C+BA (Crop rotation S-C) 1 y old 1.401 kg ha-1

Nogueira et al. (2016) P 1 y old 0.298 kg ha-1

Nogueira et al. (2016) ICLF (Crop rotation S/C-BA-E)  
1 y old 0.367 kg ha-1

Petter et al. (2016) 14° 34’ 50” S,  
52° 24’ 01” W R (UR) 5 y after the application NT 0.17 kg ha-1 (112 d)

Petter et al. (2016) R + N (UR) 5 y after the 
application NT 0.33 kg ha-1 (112 d)

Petter et al. (2016) R + 0BI (UR) 5 y after the 
application NT 0.0016 kg ha-1 (112 d)

Petter et al. (2016) R + 8BI (UR) 5 y after the 
application NT 0.0037 kg ha-1 (112 d)

Petter et al. (2016) R + 16BI (UR) 5 y after the 
application NT 0.0043 kg ha-1 (112 d)

Petter et al. (2016) R + 32BI (UR) 5 y after the 
application NT 0.97 kg ha-1 (112 d)

Santos et al. (2016) 15° 33’ 33.99” S,  
47° 44’ 12.32” W

S-SO (Crop rotation; sucession) 
19 y old NT 1.00 kg ha-1

Santos et al. (2016) C-B (Crop rotation; sucession)  
19 y old NT 0.70 kg ha-1

Santos et al. (2016) S-NF (Monoculture) 19 y old CT 1.36 kg ha-1

Santos et al. (2016) CER 0.27 kg ha-1

Carvalho et al. (2017) 15° 35’ 30” S,  
14° 42’ 30” W

ICL (Crop rotation  
BA-SG-L-SO-G-SO-BA) 5 y old NT 2.84 kg ha-1 (2 y)

Carvalho et al. (2017) ICLF (Crop rotation,  
SO-G-SO-BA-E) 5 y old NT 2.05 kg ha-1 (2 y)

Carvalho et al. (2017) Continuous P 5 y old NT 0.41 kg ha-1 (2 y)
Carvalho et al. (2017) CER -0.05 kg ha-1

Sato et al. (2017) 15° 39’ S, 47° 44’ W CC (Crop rotation; sucession)  
24 y old NT 1.90 kg ha-1 (375 d)

Sato et al. (2017) CC (Crop rotation; sucession)  
24 y old CT 2.55 kg ha-1 (375 d)

Sato et al. (2017) ICL (4 y crop/pasture rotation) NT 1.52 kg ha-1 (375 d)
Sato et al. (2017) CER 0.55 kg ha-1 (375 d)

Silva et al. (2017) 15° 36’ 17.76” S,  
47° 42’ 35.51” W SC-NR third ratoon NT 0.57 kg ha-1

Silva et al. (2017) SC-VR third ratoon NT 0.59 kg ha-1

Silva et al. (2017) SC-NVR third ratoon NT 2.34 kg ha-1

Silva et al. (2017) SC-N75 third ratoon NT 0.78 kg ha-1

Silva et al. (2017) SC-V75 third ratoon NT 0.50 kg ha-1

Silva et al. (2017) SC-NV75 third ratoon NT 2.91 kg ha-1

Figueiredo et al. (2018) 15° 33’ 33.99” S,  
47° 44’ 12.32” W

S-SO (Crop rotation; sucession) 
19 y old NT ± 0.99 kg ha-1

Figueiredo et al. (2018) C-B (Crop rotation; sucession)  
19 y old NT ± 0.67 kg ha-1

Figueiredo et al. (2018) S-NF (Monoculture) 19 y old CT ± 1.36 kg ha-1

Figueiredo et al. (2018) CER ± 0.26 kg ha-1

Continue
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of separately applied fertilizers: nitrogen fertilization only (0.78 kg ha-1) or vinasse 
application only (0.50 kg ha-1) (Silva et al., 2017). Nitrogen fertilizer was applied at a 
dose of 100 kg ha-1 as ammonium nitrate, and fresh vinasse was applied at 150 m3 
ha-1 immediately after the ammonium nitrate application. The authors found that the 
combination NV promoted emissions on average three times higher than when V or 
N applied separately. Vinasse used as the main fertilizer may benefit GHG mitigation. 

Continuation
Campanha et al. 
(2019)

19° 29’ 6” S,  
44° 10’ 46” W C+N (Monoculture; UR) 2 y old CT 4.84 kg ha-1

Campanha et al. (2019) C (Monoculture; UR) 2 y old CT 0.29 kg ha-1

Campanha et al. (2019) C+N (Monoculture; UR) 2 y old NT 3.36 kg ha-1

Campanha et al. (2019) C (Monoculture; UR) 2 y old NT 0.29 kg ha-1

Nascimento et al. 
(2019)

11° 51’ 38” S,  
55° 36’ 3” W E 3 y old 0.64 kg ha-1

Nascimento et al. 
(2019) S-C + BA (Crop rotation S-C) NT 2.75 kg ha-1

Nascimento et al. 
(2019) P (‘Marandu’ grass) 3 y old NT 2.4 kg ha-1

Nascimento et al. 
(2019) FF (initial secondary species) F 1.19 kg ha-1

Oliveira Filho et al. 
(2020)

S (exclusive) (Crop sucession 
S-PG) 1 y old NT 0.42 kg ha-1

Oliveira Filho et al. 
(2020)

C (exclusive) (Crop sucession 
S-PG) 1 y old NT 1.57 kg ha-1

Oliveira Filho et al. 
(2020)

C+BA (Crop sucession S-PG)  
1 y old NT 1.24 kg ha-1

Oliveira Filho et al. 
(2020) CER 0.11 kg ha-1

Carvalho et al. (2021) 15° 36’ 17.76” S, 
47°42’ 35.51” W SC-R% fifth ratoon NT 1.05 kg ha-1

Carvalho et al. (2021) SC-T17% fifth ratoon NT 1.10 kg ha-1

Carvalho et al. (2021) SC-T46% fifth ratoon NT 1.22 kg ha-1

Carvalho et al. (2021) SC-T75% fifth ratoon NT 1.33 kg ha-1

Oliveira et al. (2021) 15° 53’ 06.44” S,  
47° 39’ 37.10” W E (E1; E2) ≤0.85 kg ha-1

Oliveira et al. (2021) CER 0.32 kg ha-1

The soils are classified as a Oxisols with clayey texture. CER: Cerrado; SS: Cerrado stricto sensu; d: days; y: years; C-5 d N: Corn, up to five days after 
the first nitrogen broadcasting fertilization with urea in a corn field, the level of nitrogen broadcasting fertilization was of 60 kg ha-1; C-S: Corn-Soybean; 
CP: Cover plants; NT: no-tillage; CT: conventional tillage; PS: pig slurry application (40 m3 ha-1) on soil about a quantity of oat straw (3.6 Mg ha-1);  
MT: minimum tillage; OFF: Offset or disc harrowing treatment in which soil was tilled only to 0.15 m depth; R-BA-S-CJ: Rice-Brachiaria-Soybean-Crota
laria juncea; DMC: direct seeding mulch based treatment with cover crops of  Brachiaria; S-NF: Soybean-Natural fallow; CO-BA: Cotton planting over 
Brachiaria; C+BA-B(I): Corn consortium with brachiaria-irrigated Bean; B(I): Irrigated bean, cultivated residues corn; MU: mulching; NPK: mineral 
fertilization; MU+NPK: mulching with mineral fertilization; CO-S-C-PG-NF: Cotton-Soybean-Corn-Pennisetum glaucum-Natural fallow; S-C+BA-CO-NF: 
Soybean-Corn consortium with brachiaria-Cotton-Natural fallow; P: Pastures; ICLF: integrated crop–livestock forest; SW-C-CC-E: swine-corn-continuous 
crop-pasture-Eucalyptus; ICL: integrated crop–livestock; Fe: fertigation; SW-C-CC: swine-continuous crop-pasture; NPK+Fe: Fertigation with mineral 
fertilization; C+RU: Corn with regular urea; C+UZ: Corn with urea + zeolite; C+CN: Corn with calcium nitrate; C+AS: Corn with ammonium sulfate; 
C-CJ: Corn consortium with Crotalaria juncea; C-MP: Corn consortium with Mucuna pruriens; C-NF: Corn consortium with Natural fallow; P-ILC: Pasture 
in an integrated crop–livestock; E: Eucalyptus; S/C-BA: Soybean/Corn-Brachiaria; S/C-BA-E: Soybean/Corn-Brachiaria-Eucalyptus; R (UR): Rice, 
under rainfed; R+N (UR): Rice 100 kg de N, under rainfed; 0BI, 16BI and 32BI: doses of biochar: 0, 8, 16 and 32 Mg ha-1; S-SO: Soybean-Sorghum;  
C-B: Corn-Bean; BA-SG-L-SO-G-BA: Brachiaria-Stylosanthes guianensis-Leucaena leucocephala-Sorghum biocolor-Glycine max-Brachiaria;  
SO-G-SO-BA-E: Sorghum biocolor-Glycine max-Sorghum biocolor-Brachiaria-Eucalyptus; CC: Continuous crop; SC-NR: Sugarcane with nitrogen under no 
irrigation; SC-VR: Sugarcane with vinasse without irrigation; SC-NVR: Sugarcane with nitrogen plus vinasse without irrigation; SC-N75: Sugarcane with 
nitrogen under 75 % of crop evapotranspiration replacement.; SC-V75: Sugarcane with vinasse under 75 % of crop evapotranspiration replacement; 
SC-NV75: Sugarcane with nitrogen plus vinasse under 75 % of crop evapotranspiration replacement; C+N (UR): Corn with nitrogen, under rainfed; 
S-C+BA: Soybean-Corn consortium with brachiaria; FF: Forest Fragment; S: Soybean exclusive; C: Corn exclusive; S-PG: Soybean-Pennisetum glaucum; 
C+BA: Corn consortium with brachiaria; SCR%: Sugarcane with Rescue irrigation; T17%, T46% and T75%: 17%, 46% and 75% Sugarcane with of crop 
evapotranspiration replacement; E1: Eucalyptus urophylla, planting 2 years; E2: Eucalyptus grandis planting 4 years.
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Regarding water regimes in sugarcane, no relationship was found between N2O emissions 
and water regimes: Rescue irrigation - R (1.05 kg ha-1), 17 % (1.10 kg ha-1), 46 % (1.22 
kg ha-1) and 75 % (1.33 kg ha-1) of the crop water requirement, but the water regime 

Figure 3. Cumulative N2O emissions in different agricultural systems in the Brazilian Cerrado. 
Equal colours refer to data collected in the same study. CER: Native Cerrado; NT: no-tillage; CT: 
conventional tillage; B(I)+MU+NPK: Common bean (Phaseolus vulgaris), with mulching (Urochloa 
ruziziensis) and mineral fertilization (400 kg ha-1 N-P-K), applied at planting, and 200 kg ha-1 of 
urea was applied via fertigation; PS(NT): Pig Slurry application (40 m3 ha-1) on soil with oat straw 
(3.6 Mg ha-1); S(NT): Soybean exclusive, crop succession soybean-Pennisetum glaucum with 1 year 
old; PS(MT): Pig Slurry application (40 m3 ha-1) on soil with oat straw (3.6 Mg ha-1); E: Eucalyptus 
urograndis, 3 years of planting; C-B(NT): Corn crop rotation (corn-soybean) with succession 
corn-common bean with 19 y old; C-CJ(NT): Corn succession cover plants (succession with 
Crotalaria juncea) with 6 years old; SCN75: Sugarcane with applied nitrogen under 75 % of crop 
evapotranspiration replacement; C-CJ/MP(CT): corn in succession to cover crops (Crotalaria juncea 
and Mucuna pruriens) with 6 years; R+32Bi: Rice + 32 Mg ha-1 of biochar 5 years after application 
biochar to the soil; UR: rice under rainfed; S-SO(NT): soybean crop rotation corn, (sucession 
soybean-sorghum) with 19 y old; C-MP(NT): corn succession cover plants (corn succession Mucuna 
pruriens) with 6 years old no-tillage; SCR%: Sugarcane with rescue irrigation; SC17 %, SC46 %: 
Sugarcane, 17 % and 46 % of crop evapotranspiration replacement, respectively; ICL+Fe: Integrated 
crop-livestock with fertigation (swine-crop-pasture, with cultivated pasture in rotation with crops), 
2 years integrated system; SC75 %: Sugarcane, 75 % of crop evapotranspiration replacement; 
ICLF+Fe: Integrated crop-livestock-forest with fertigation (swine-crop-pasture-eucalyptus, with 
cultivated pasture in rotation with crops and rows of eucalyptus with no-tillage management), 
2 years integrated system; ICLF+NPK+Fe: Integrated crop-livestock-forest with mineral fertilizer 
(NPK) and fertigation (swine-crop-pasture-eucalyptus, with pasture in rotation with crops and 
rows of eucalyptus with no-tillage management), 2 years integrated system; CC(NT)+10 years: 
Continuous crop, crop rotation and succession of leguminous and grasses and fallow with +10 
years; ICLF: Integrated crop-livestock-forest (Brachiaria brizantha cv. Piatã, planting of an annual 
crop with no-tillage- Eucalyptus urograndis, 3 years integrated system); SCNVR: Sugarcane with 
nitrogen plus vinasse with rescue irrigation; P: Pasture (Marandu’ grass (Urochloa brizantha) with 
3 years; CC(CT)+10 years: Continuous crop, crop rotation and succession of leguminous, grasses 
and fallow with +10 years; ICL: Integrated crop-livestock (planting of an annual crop with no-tillage, 
Brachiaria brizantha cv. with 3 years integrated system); SCNV75: sugarcane with nitrogen plus 
vinasse with 75 % of crop evapotranspiration replacement; C(NT) (Monoculture, UR), and C(CT) 
(Monoculture, UR): corn under rainfed, 2 years of planting).
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with 75 % replacement of crop evapotranspiration showed higher yields compared to 
the other water regimes (Carvalho et al., 2021).

Although native Cerrado is not a naturally emitting source of N2O (Metay et al., 2007; 
Cruvinel et al., 2011; Santos et al., 2016; Carvalho et al., 2017; Sato et al., 2017), studies 
have shown that conversion of native vegetation to agricultural systems (Martins et al., 
2015; Sato et al., 2017; Silva et al., 2017; Carvalho et al., 2017; Campanha et al., 2019) 
can emit up to 4.84 kg ha-1 (Campanha et al., 2019). Cerrado soils are characterized by 
acidity and high drainage, which, along with acid pH (5.2), is one of the reasons for the 
low N2O emissions in soils from the native areas (Martins et al., 2015).

In general, the higher the soil moisture, the higher the N2O emissions due to the influence 
of soil water content stimulating microbial activity (Luo et al., 2010; Signor and Cerri, 
2013). The increase in N2O emissions after rainy periods is reported in studies due to 
the rise in WFPS, favoring denitrifying activity induced by reducing O2 diffusion in the 
soil (Jantalia et al., 2008; Martins et al., 2015). 

Varella et al. (2004) compared degraded Brachiaria brizanta pastures with areas of native 
Cerrado, and N2O emissions were below the detection limit in both cases (0.6 µg m-2 h-1). 
Low levels (0.44 kg ha-1) were also observed in a study with permanent pasture in NT 
(Carvalho et al., 2017), conditions possibly related to good drainage and aeration of the 
soils, which limit denitrification (Signor and Cerri, 2013).

As with ICL systems, N2O emissions may increase with animals in the environment, 
as feces and urine increase N2O emissions. Lessa et al. (2014) evaluated the effect of 
urine and cattle feces application on a pasture; the addition of urine promoted significantly 
higher N2O emissions (0.026 g g-1) than those found with fecal application treatments 
(0.0011 g g-1) over 37 days. Giacomini et al. (2006) observed an increase in N2O fluxes 
with pig manure in NT and minimum tillage (MT), 40.6 and 50.9 mg m-2, respectively, 
compared to the treatment without application of 9.5 and 13.2 mg m-2.

In ICLF systems, N2O emissions were low (0.36 kg ha-1), showing the promising potential to 
mitigate N2O emissions compared to the crop, the rotation soybean-corn with Brachiaria 
(1.401 kg ha-1), pasture (0.298 kg ha-1) and eucalypt plantation (0.165 kg ha-1); emissions 
were related to rainfall and N availability (Nogueira et al., 2016).

Biological nitrogen fixation contributes to the reduction of N2O emissions in soybean crop 
(NT), and low fluxes were observed (0.42 kg ha-1) compared to the systems with intercropping 
of corn and brachiaria (1.24 kg ha-1) and corn only (1.57 kg ha-1) (Oliveira Filho et al., 
2020). The authors observed that the highest N2O emissions in the intercropping system 
of corn with brachiaria were due to nitrogen fertilizer application related to N availability 
and soil moisture. Siqueira-Neto et al. (2020) observed similar cumulative emissions in CT 
and NT with two crops grown in the same year: Soybean/Sorghum; Soybean/Millet; and 
Corn/Sorghum, with mean values of 0.13 g m-2 yr-1. However, Figueiredo et al. (2018) found 
that emissions were higher when soybean was grown at CT followed by fallow (1.36 kg ha-1) 
than when soybean was grown at NT followed by sorghum (0.99 kg ha-1).

In corn cultivation with different N sources, cumulative emissions were similar, and 
higher emissions were observed with the application of ammonium sulfate (171 g of 
N2O per Mg of grain) compared to the control treatment (108 g of N2O per Mg of grain) 
(Martins et al., 2015). In corn and cover crop succession, N2O emissions were higher in 
legumes (1.0 kg ha-1) than in fallow (0.5 kg ha-1). Still, it is crucial to evaluate the changes 
of C and N from soil to obtain the emission factor when considering the effectiveness of 
GHG mitigation (Carvalho et al., 2016).

Eucalyptus plantations in the Cerrado showed cumulative emissions below 0.86 kg ha-1, 
which is close to the values of Native Cerrado (0.33 kg ha-1). During the dry season, 
N2O inflows were observed in association with low NO3

- levels in the soil (Oliveira et al., 
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2021). This influx into native vegetation may be associated with a predominantly 
ammonia mineral N content (Martins et al., 2015; Santos et al., 2016; Carvalho et al., 
2017; Sato et al., 2017). In addition, inhibition of soil microbial and enzymatic activity 
(Chen et al., 2013) may contribute to low soil N2O fluxes under Eucalyptus in the 
Cerrado (Oliveira et al., 2021).

In contrast to the Amazon and Atlantic forests, where N2O emissions range from 0.38 to 
16 kg ha-1, with the highest value in the Amazon forest, and the maximum emission of 
the Atlantic forest is below 3.42 kg ha-1 (Meurer et al., 2016). Soils under natural Cerrado 
vegetation showed very low and even negative values, with a median emission of 
0.14 kg ha-1 and often below the detection limit, as shown in several studies (Metay et al., 
2007; Cruvinel et al., 2011; Bustamante et al., 2012; Carvalho et al., 2013; Martins et al., 
2015; Santos et al., 2016; Silva et al., 2017; Carvalho et al., 2017; Sato et al., 2017; 
Oliveira Filho et al., 2020).

In general, the average N2O emissions in Brazilian Cerrado soils at CT showed the highest 
cumulative N2O emissions (1.58 kg ha-1) compared to NT (0.82 kg ha-1) and Native 
Cerrado (0.15 kg ha-1) (Figure 4). These data show the importance of NT, its benefits in 
soil, production system, and GHG mitigation.

As for ICL and ICLF in Brazilian Cerrado, among the cumulative averages of N2O, ICL 
had the highest overall average of N2O emissions (1.68 kg ha-1), compared to ICLF 
(1.20 kg ha-1) and eucalypt forests (0.48 kg ha-1) (Figure 5). Studies have shown lower 
soil N2O emissions in conservation systems than monoculture systems (Carvalho et al., 
2014; Abdalla et al., 2014).

In general, wastes from agricultural livestock systems are directly applied to pastures 
and may behave as pollutants in the atmosphere due to higher N2O emissions 
(Giacomini et al., 2006). However, Carvalho et al. (2017) observed lower N2O emissions 
in ICLF (2.05 kg ha-1) compared to ICL (2.84 kg ha-1) under NT. 

N2O emissions and soil organic matter in Cerrado

Global data analysis on N2O emissions suggests that increases in organic C content in 
cropping systems are associated with N2O emissions (Stehfest and Bouwman, 2006). 
Table 3 shows soil organic matter (SOM) content in the Cerrado in different tillage systems 
and native vegetation. The results show the variation from the lowest to the highest 
value in the soil layers, 0.00-0.05 m (33-38 g kg-1), 0.00-0.10 m (4.6-35.48 g kg-1) and 
0.00-0.20 m (10-41.2 g kg-1) (Table 3). Soil organic matter rates were not directly related 
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Figure 4. Overall average of cumulative N2O fluxes in no-tillage (NT), conventional tillage (CT) 
and Native Cerrado (CER).
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to N2O emissions (Wu et al., 2016). In general, fractionation of SOM makes it possible 
to understand the dynamics of N in the soil (Sá et al., 2015), usually due to a higher 
proportion of fractions in the SOM combined with a high N supply (Wu et al., 2016). 
In a single study in the Cerrado, NT was more efficient in accumulating stable and labile 
C fractions and was directly related to lower N2O emissions (Figueiredo et al., 2018).

In the context of climate change, soils represent the largest C reservoir on the Earth’s 
surface and can reduce GHG emissions (Chenu et al., 2019). Conservation systems in 
Brazilian Cerrado, including crop rotations (Santos et al., 2016), cover crops (Carvalho et al., 
2014), and ICL (Sato et al., 2017; Carvalho et al., 2017), have shown a greater potential to 
mitigate N2O emissions from agriculture. However, the relationship between the farming 
system and N2O emissions is complex, and results are often contradictory (Smith et al., 
2008). The relationship between soils under natural vegetation and conservation tillage 
systems with high C contents and low N2O emissions is not fully understood in Brazilian 
Cerrado (Martins et al., 2015).

Natural ecosystems in the Cerrado are conservative in regards to N and limit the supply 
of this nutrient (Bustamante et al., 2006) and the high C/N ratio of plant residues 
(Soares et al., 2019) and the predominance of NH4

+ relative to NO3
- are factors that 

contribute to the maintenance of low soil N levels (Bustamante et al., 2012). 

Conservation practices contribute to the conservation and formation of SOM and 
consequently reduce GHG emissions (Lal, 2004; Buller et al., 2015). Considering that 
98 % of the total N in soil is in organic form (Stevenson, 1994), N availability and dynamics 
are influenced by the C/N ratio of crop residues (Kong et al., 2009; Carvalho et al., 
2012). Carbon availability in the soil from less complex sources (e.g., glucose) favors 
the production of N2O (Miller et al., 2008). The ability to protect and stabilize C depends 
on soil management (plowing, use of cover crops, crop succession, crop rotation, etc.) 
and soil properties (Bayer et al., 2011). The accumulation of C in its more stable forms 
is related to the greater degree of stabilization of SOM (Plaza-Bonilla et al., 2014). The 
more protected SOM, the less it is exposed to mineralization, the lower the loss of SOM 
in the form of GHG to the atmosphere, such as N2O (Lal, 2004; Sato et al., 2019).
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Figure 5. Averages of the cumulative N2O fluxes in forests of Eucalyptus (E) with 1-4 years planting, 
compared to continuous crop with +10 years, crop/pasture rotation, successions of leguminous, 
grasses and natural fallow, under no-tillage CC +10 y (NT); integrated crop-livestock forest, crop/
pasture rotation and Eucalyptus with 1-3 years planting (ICLF); the integrated crop-livestock, 
crop/pasture rotation 1-3 years planting (ICL), and Continuous crop with +10 years, crop/pasture 
rotation natural fallow conventional tillage CC+10 y (CT) in the Brazilian Cerrado.
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Table 3. Literature review of organic matter contents in soils under different management systems 
in Brazilian Cerrado

Reference Treatments Soil tillage Depth Organic matter
m g kg¹

Carvalho et al. (2006) C-N NT 0.20 27.0
Carvalho et al. (2006) C-N CT 0.20 27.0
Metay et al. (2007) OFF 0.10 16.0
Metay et al. (2007) DMC 0.10 17.6
Lessa et al. (2014) P 0.20 10.4
Correa et al. (2016) ICL P 0.10 34.3
Correa et al. (2016) CER 0.10 35.5
Santos et al. (2016) S-SO NT 0.20 30.0
Santos et al. (2016) C-B NT 0.20 30.0
Santos et al. (2016) S-NF CT 0.20 30.0
Santos et al. (2016) CER 0.20 34.0
Carvalho et al. (2017) ICL NT 0.20 28.6
Carvalho et al. (2017) ICLF NT 0.20 28.6
Meurer et al. (2017) CER 0.10 18.8
Meurer et al. (2017) GF 0.10 4.6
Meurer et al. (2017) P 0.10 14.2
Meurer et al. (2017) Crops 0.10 31.6
Meurer et al. (2017) F 0.10 14.9
Meurer et al. (2017) O-P 0.10 18.3
Meurer et al. (2017) MA-P 0.10 23.9
Meurer et al. (2017) Y-P 0.10 14.5
Figueiredo et al. (2018) S-SO NT 0.20 30.0
Figueiredo et al. (2018) C-B NT 0.20 30.0
Figueiredo et al. (2018) S CT 0.20 30.0
Figueiredo et al. (2018) CER 0.20 34.0
Campanha et al. (2019) C-N and NN NT 0.20 41.2
Campanha et al. (2019) C-N and NN CT 0.20 38.9
Nascimento et al. (2019) E 0.10 24.0
Nascimento et al. (2019) Crops 0.10 23.0
Nascimento et al. (2019) P 0.10 26.0
Nascimento et al. (2019) F 0.10 46.0
Oliveira Filho et al. (2020) S NT 0.20 20.0
Oliveira Filho et al. (2020) C NT 0.20 20.0
Oliveira Filho et al. (2020) C-BA NT 0.20 20.0
Carvalho et al. (2021) SC NT 0.20 8.7
Oliveira et al. (2021) E1 0.05 33.0
Oliveira et al. (2021) E2 0.05 30.0
Oliveira et al. (2021) CER 0.05 38.0

NT: no-tillage; CT: conventional tillage; P: Pastures; N: application of N fertilizer; NN: no N fertilizer application; 
CER: Native Cerrado; ICL: integrated crop-livestock; ICLF: integrated crop-livestock-forest; C: Corn; BA: Brachiária; 
S: Soybean; SO: Sorghum; B: Bean; SC: Sugarcane; E: Eucalyptus; E1: Eucalyptus urophylla; E2: Eucalyptus 
grandis; F: Forest; GF: Gallery Forest; NF: Natural fallow; OFF: Offset or disc harrowing treatment in which soil 
was tilled only to 0.15 m depth; DMC: direct seeding mulch based treatment with cover crops of  Brachiaria; 
O-P: old pasture; MA-P: medium-aged pasture; Y-P: young pasture.
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Soil fertility improvement depends on the quantity and quality of SOM (Sheehy et al., 
2015). Soil organic matter is one crucial component in characterizing agricultural 
systems, and its efficient management can contribute to GHG mitigation (Lal, 2004; 
Figueiredo et al., 2018; Sato et al., 2019). In tropical regions, soils are predominantly 
weathered, and the strong organic-mineral interaction can contribute to SOM stabilization 
and consequently reduce N2O emissions from soils under native vegetation (Martins et al., 
2015; Santos et al., 2016).

Differences among agricultural systems and their interaction with cumulative N2O  
fluxes cannot be explained based on SOM contents alone (Table 3). Studies relating 
soil N2O emissions to fractions of SOM are needed, especially in Brazilian Cerrado, 
to understand better the dynamics of SOM associated with N2O emissions. An integrated 
effect of management systems (crop rotation, crop succession, and no-tillage system), 
cultural residues, and SOM fractions can contribute to understanding N2O emissions in 
the soil, as reported by Figueiredo et al. (2018) and Sato et al. (2019) in agroecosystems 
in the Cerrado.

CONCLUSIONS
In the Cerrado, cumulative N2O emissions in cropping systems are less than 5 kg ha-1,  
and the introduction of conservation systems, such as integrated crop-livestock 
(ICL), is essential to mitigate N2O emissions. In general, N2O emissions were higher 
in conventional cropping systems than in the no-till system. The ICL had the highest 
average of N2O emissions among the integrated systems compared to ICLF and  
eucalypt plantations. 

The relationship between soil organic matter and N2O fluxes to the atmosphere is not 
fully elucidated in the Brazilian Cerrado, and further studies are needed. In the present 
study, it was not possible to obtain a direct relationship between the total content of SOM 
and N2O emissions. Thus, further studies should consider the different SOM fractions.
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