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RESUMO 

 
Uso de biochar na agricultura como uma solução baseada na natureza: fatores 

influenciando as emissões de N2O em solos tropicais 
 
A aplicação de biochar no solo tem ganhado atenção devido aos seus benefícios 

associados ao sequestro de carbono (C) do solo e à mitigação das emissões de óxido nitroso 
(N2O). Embora o efeito de redução da emissão de N2O em resposta ao uso de biochar tenha sido 
observado em diversos estudos, a explição da causa e efeito continua desafiadora. Além dessa 
lacuna no conhecimento, há uma escassez de dados obtidos em ambientes tropicais. Desta forma, 
este estudo foi desenvolvido para avaliar o efeito da aplicação de biochar nas emissões de N2O 
do solo em condições tropicais, e como diferentes fatores podem influenciar esta resposta. O 
primeiro experimento foi realizado para avaliar os efeitos da conversão da palha de cana-de-
açúcar em biochar, comparando solos cobertos por palha com a aplicação de duas doses (5 e 10 
Mg ha-1) de biochar de palha. Em adição, se buscou desvendar como o biochar pode afetar estas 
emissões por meio da quantificação de genes funcionais relacionados ao ciclo do N (AOA, AOB, 
nirK, nirS, nosZ). A aplicação de biochar no solo diminuiu as emissões de N2O em 73% em 
comparação com solos cobertos com palha. No entanto, esta redução foi relacionada ao aumento 
das emissões causado pela presença da palha, uma vez que a aplicação de biochar teve emissões 
semelhantes ao tratamento com uso de apenas fertilizante nitrogenado. As emissões de N2O sob 
cobertos com palha teve uma forte interação positiva com a abundância relativa de AOB, que 
pode ser fonte significativa de N2O pela nitrificação em solos tropicais. No entanto, a aplicação 
de biochar nas doses 5 e 10 Mg ha-1 demonstrou ser insuficiente para a mitigação de N2O, 
portanto uma dose de 20 Mg ha-1 foi adotada no experimento seguinte. No segundo experimento, 
buscou-se determinar a influência de diferentes tipos de biochar produzidos a partir da palha 
(PB) e bagaço (BB) da cana-de-açúcar (Saccharum spp.), e resíduos de Pinus spp. (PB) e Eucalyptus 
spp. (EB). Para uma caracterização físico-química mais precisa, as amostras de foram analisadas 
por microscopia eletrônica de varredura (MEV), espectroscopia de raios-X por energia dispersiva 
(EDS) e espectroscopia de fotoelétrons excitados por raios X (XPS). Neste experimento, a 
capacidade do biochar em suprimir as emissões de N2O derivadas do uso de fertilizantes 
nitrogenados foi confirmada. Porém a magnitude dessa capacidade de mitigação variou com a 
biomassa da matéria-prima, onde SB, BB, PB, EB diminuiram as emissões de N2O do solo em 
50, 35, 35 e 25%, respectivamente. Entre os tratamentos avaliados, apenas SB expressou uma 
maior capacidade de reduzir as emissões de N2O do que EB, que também apresentou uma maior 
proporção de grupos funcionais hidroxila/éter (C−O) em sua superfície. Além disto, biochars 
produzidos de resíduos florestais apresentaram maiores teores de C em sua superfície, resultando 
em maiores níveis de C no solo. A aplicação de PB foi a melhor opção entre as biomassas 
florestais, pois reduziu as emissões de N2O do solo para níveis semelhantes a SB e BB, ao mesmo 
tempo em que promoveu maior aporte de C no solo. Com isto, o  uso de biochar para aplicação 
no solo pode ser considerado uma relação ganha-ganha, uma vez que aumenta os estoques de C 
do solo enquanto diminui as emissões de N2O. No entanto, a magnitude dessa resposta sob 
condições tropicais depende da matéria prima utilizada e dose de aplicação do biochar. O 
presente trabalho contribui para elucidar os efeitos da aplicação de biochar no solo nas emissões 
de N2O em ambientes tropicais e fornece resultados à futuros projetos que visam incluir a prática 
como uma solução baseada na natureza. 
 
Palavras-chave: Bio-carvão, Grupos funcionais de superfície, Genes funcionais, GEE, Estoque 

de C do solo  
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ABSTRACT 

 
Biochar use in agriculture as a nature-based solution: factors influencing N2O emissions in 

tropical soils 
 
The use of biochar as a soil amendment has recently gained attention due to its benefits 

associated with soil carbon (C) sequestration and mitigation of nitrous oxide (N2O) emissions. 
Although several studies have observed soil N2O emissions decrease in response to biochar 
application, explaining the cause-and-effect relationship remains challenging. In addition to this 
knowledge gap, there is a shortage of data obtained in tropical environments. In this context, this 
study was developed to assess the effect of biochar application on soil N2O emissions in tropical 
conditions and how different factors can influence this response. Therefore, the first experiment 
was conducted to evaluate the effects of converting sugarcane straw into biochar, comparing 
straw-covered soils with the two application rates (5 and 10 Mg ha-1) of straw-based biochar. In 
addition, we also focused on unraveling how biochar might affect these emissions through the 
quantification of N-related functional genes (AOA, AOB, nirK, nirS, nosZ). Our results revealed 
that applying sugarcane straw-based biochar to the soil decreased N2O emissions by 73% 
compared to straw-covered soils. However, this reduction was due to the N2O emissions increase 
caused by the straw presence, as the biochar application at both 5 and 10 Mg ha-1 rates exhibited 
similar results to the application of N fertilizer alone. The rise in N2O emissions under soils 
covered with straw had a strong positive interaction with the AOB relative abundance, which 
seems to be a significant N2O source from nitrification under tropical soils. Nevertheless, the 
biochar application rates of 5 and 10 Mg ha-1 appeared to be insufficient for N2O mitigation; 
therefore, a 20 Mg ha-1 rate was adopted for the following experiment. In the second experiment, 
we sought to determine the influence of different types of biochar produced from sugarcane 
(Saccharum spp.) straw (SB) and bagasse (BB), together with Pinus spp. and Eucalyptus spp. residues 
on soil N2O emissions. For a more precise physicochemical characterization, the different types 
of biochar were also examined through scanning electron microscopy (SEM), dispersive X-ray 
spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). In this experiment, we 
observed the biochar capacity to suppress N2O emissions driven by N fertilizer use. Our results 
showed that the magnitude of this mitigation capacity varied with the feedstock biomass, where 
SB, BB, PB, and EB decreased soil N2O emissions by 50, 35, 35, and 25%, respectively. Among 
the evaluated treatments, only SB expressed a higher capacity to decrease N2O emissions than 
EB, which also had the highest share of hydroxyl/ether (C−O) functional groups on its surface. 
Furthermore, biochars from forestry residues had more C in its surface composition, resulting in 
higher soil C contents. The application of PB was the best option among the forestry biomasses, 
as it decreased soil N2O emissions to levels similar to SB and BB while promoting higher soil C 
input. Our results validate that the biochar use as a soil amendment can be considered a win-win 
strategy, as it enhances soil C stocks while decreasing N2O emissions. However, the magnitude of 
this response relies on the biochar feedstock material and application rate under tropical 
conditions. Our study contributes to elucidating the effects of biochar application to soil on N2O 
emissions in tropical environments and provides data for future projects that aim to include the 
practice as a nature-based solution. 
 
Keywords: Black carbon, Surface functional groups, Functional genes, GHG, Soil carbon stock 
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1. GENERAL INTRODUCTION 

The recent report published by the Intergovernmental Panel on Climate Change (IPCC, 

2021) points out that the rise in atmospheric concentrations of greenhouse gases (GHG) due to 

anthropogenic activities is the main driver of global warming. In an effort to mitigate climate 

change, the Paris Agreement was reached in 2015 to limit the average temperature increase to 

2°C by the end of the 21st century. For this, 153 countries have submitted their nationally 

determined contributions (NDCs) documents, compromising to establish and achieve sustainable 

long-term targets to lower GHG emissions in the atmosphere (Meinshausen et al., 2022). In 

NDCs last update of Brazil in the Glasgow Climate Pact 2021, the country committed to 

reducing 50 % of its emissions by 2030 compared with 2005 levels (UNFCCC, 2022). Inside the 

NDCs, 66% of the parties included nature-based solutions (NBS) to help achieve net-zero 

targets. (Seddon et al., 2019). Nature-based solutions can be defined as solutions inspired by 

nature, which provide environmental, social, and economic benefits, enhances biodiversity, and 

supports ecosystem services. Hence, NBS projects include practices promoting carbon neutrality 

and reducing GHG emissions. 

Brazil is the 6th major contributor of GHG emissions worldwide (IPCC, 2021), and 

consequently, significant efforts to mitigate domestic emissions are necessary to achieve the 

proposed goals. Agriculture accounts for 27% of total national GHG emissions in Brazil and is 

responsible for 87% of total N2O emissions. (MCTI, 2020) Moreover, national N2O emissions 

increased by 120% between 1980-2016 (Tian et al., 2020). N2O is a GHG with a global warming 

potential 273 times higher than CO2, with a significant persistence time in the atmosphere of 109 

years (Foster et al., 2021). Although soil N2O emissions occur under natural conditions, 

anthropogenic activities have intensified this process (Hirsch et al., 2006). For this reason, 

modern agriculture represents the main anthropogenic source of N2O since it relies on the 

application of reactive forms of N to attend to the nutritional demands of crops (Montzka et al., 

2011).  

Mineral N forms are supplied to the soil by N fertilizers (synthetic and organic), which 

increases the concentrations of available N that can be lost through nitrification and 

denitrification, two of the main microbial pathways related to N2O production (Smith et al., 

2019). These routes are influenced by specific microorganisms involved in the N biogeochemical 

cycle in soil. In the nitrification pathway, a critical control step is the ammonium (NH4
+) 

oxidation to hydroxylamine by ammonia-oxidizing bacteria (AOB) and archaea (AOA) (Stein, 
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2020). During denitrification, N forms such as nitrate (NO3
−) and nitrite (NO2

-), are subsequently 

reduced to form gaseous of nitric oxide (NO), N2O, which can further be reduced to dinitrogen 

gas (N2) (Hallin et al., 2018). The N2O reduction to N2 is a sensitive step mediated by 

microorganisms that encode the nosZ gene, being the only known biological sink for the GHG 

gas (Conthe et al., 2019). The intensity of these transformations is controlled by the organic or 

inorganic N inputs, available soil C, microbial communities, and abiotic conditions (e.g., soil 

moisture and oxygen levels) (Hallin et al., 2018). 

The recycling of agroindustry residues in agricultural soils has been recognized as a 

sustainable practice and should be encouraged as part of the circular economy (Carvalho et al., 

2021). In general, recycling of organic residues in agricultural soils has the benefit of increasing 

carbon stocks (Tenelli et al., 2021) but also tends to increase N2O emissions (Carmo et al., 2013; 

Gonzaga et al., 2019). Several studies have highlighted that the addition of crop and industrial 

residues in agricultural soils creates ideal conditions for N2O formation, such as higher soil 

moisture, easily degradable C, and intense microbial activity (Carvalho et al., 2017; Gonzaga et al., 

2019; Pinheiro et al., 2019). More recently, studies have indicated that biochar addition in soils is 

outside this rule, representing a strategy in terms of reducing N2O emissions (Huang et al., 2023; 

Iqbal et al., 2023; Paustian et al., 2016). 

Biochar is a product from pyrolysis (a thermochemical conversion) of lignocellulosic 

biomasses to produce bio-oil (liquid), biogas (gaseous), and biochar (solid) (Guimarães et al., 

2023). Through pyrolysis, organic biomasses are degraded by high temperatures combined with 

zero or low levels of oxygen (Kambo & Dutta, 2015; Wang & Wang, 2019), where the process 

conditions, together with the feedstock, will influence the formation of the product, as well as its 

physicochemical characteristics (Ippolito et al., 2020; Li et al., 2023). Overall, the main destination 

of the subproducts of the pyrolytic process of lignocellulosic biomass is presented in Figure 1. 

Bio-oil is mainly used to produce biorenewables, like aviation biofuels and other biochemicals 

with high-added value products (Deuber et al., 2023). Biogas can be used for power generation, 

while biochar use is mainly linked to use as a soil amendment. Several reports point out the 

potential to be used as a soil amendment to increase the environmental sustainability of the 

supply chain and bring benefits for crop production (Blanco-Canqui, 2021; Das et al., 2022; 

Lehmann, 2007). 



13 

 

 

 

 

Figure 1. Simplified scheme of the main products resulting from the pyrolysis of lignocellulosic biomass and potential uses of 

these products. 

 

Biochar is well known for its characteristics, such as high specific surface area, 

carbonized nature, high porosity, and ash content. Regarding its chemical composition, around 

97% of the C found in biochar is in recalcitrant forms due to the pyrolysis process (Wang et al., 

2016). The high temperatures of the process transform labile C into more chemically stable 

aromatic structures, thus increasing the material resistance against microbial degradation in soil 

(Chacón et al., 2017). Because of this, the C present in the biochar structure persists for more 

time in the soil, and 90% of the total C can be incorporated into stable organic matter in the long 

term (Tozzi et al., 2019). Application of biochar to the soil can bring positive economic aspects 

for agricultural production, such as increased crop productivity and soil health, thereby 

influencing chemical, physical and biological parameters (Alghamdi, 2018; Jindo et al., 2020; 

Lehmann et al., 2011). The general worldwide decrease seen for N2O emissions caused by 

biochar application (Kaur et al., 2023) can be influenced by a series of abiotic and biotic variables, 

such as feedstock material, application rates, and environmental factors (e.g., temperature, and 

soil moisture) (Cayuela et al., 2013; Li et al., 2019; Lyu et al., 2022). This variety of external and 

internal factors influencing the response of the soil-plant-atmosphere system to biochar 

application becomes a challenge to foresee the results of this interaction.  

Today in Brazil, residual biomass from agriculture and forestry is considered a feasible 

option to be used as feedstock material for biochar production since it is a low-cost option 

available in high quantities (Cervi et al., 2021; Roozen, 2015). Among the highest available 

residual agricultural biomasses found in Brazil, the sugarcane crop stands out as the largest global 

producer, responsible for 38% of global production (FAO, 2023). Furthermore, the sugarcane 
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crop management results in large quantities of organic residues (i.e., straw, bagasse, filter cake), as 

the residual biomass represents two-thirds of all sugarcane biomass produced (Buckeridge et al., 

2012). Similarly, forestry residues are among the highest available lignocellulosic biomasses 

produced in Brazil (IPEA, 2012). From the total area destined for forestry, eucalyptus (Eucalyptus 

grandis) production represents 75% of the area, while pine (Pinus spp.) is the second largest 

cultivated species in 19% of the total area (IBA, 2022). In this scenario, the use of straw, bagasse, 

and forestry residues are already explored as alternative feedstock materials for bioenergy by 

current research (Deuber et al., 2023; Guimarães et al., 2023; Negrão et al., 2021). The reuse of 

these lignocellulosic biomasses might represent a potentially cost-effective option for biochar 

production. However, using different types of biomass can affect the physicochemical properties 

of biochar, which can alter its effect on the soil-plant-atmosphere system (Huang et al., 2023; 

Ippolito et al., 2020). 

Despite the significant advances seen in recent years, the mechanisms by which biochar 

reduces N2O emissions are poorly understood, and there is no consensus on how it affects N2O 

production and consumption in different edaphoclimatic conditions. Some hypotheses have been 

investigated regarding its possible effects on soil parameters, such as increasing pH and porosity, 

microbiome interaction, the release of toxic/inhibitory compounds for N-producing 

microorganisms, and modification in soil mineral N dynamics (Case et al., 2012;  Song et al., 

2019; Spokas et al., 2010; Xu et al., 2020). Recent studies using molecular biology techniques have 

evaluated the capacity of biochar to modify or inhibit biological N2O production routes in 

agricultural soils (Fan et al., 2020; Liu et al., 2021; Xu et al., 2020). However, albeit the increase in 

recent inquiries about how biochar influences soil N2O emissions, these have been conducted 

mainly in regions under temperate climate conditions, which do not represent the prevailing 

conditions in the tropics (Agegnehu et al., 2017; Huang et al., 2023).  

In this context, the present study was based on the following hypotheses: i) the 

conversion of sugarcane straw into biochar and its application in agricultural soils represents a 

strategy to reduce N2O emissions; ii) biochar from different biomasses has different capacities to 

reduce soil N2O emissions; iii) changes in N2O emissions due biochar application are directly 

associated with soil microbial community involved in the steps of nitrification and denitrification. 

The main objective of this study was to evaluate the impact of the application of 

different types of biochar on N2O emissions from soils under tropical conditions and analyze 

possible variables influencing this response. In order to achieve this objective, the following 

specific goals were established: a) compare the effects on N2O emissions of converting sugarcane 
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straw into biochar with straw-covered soils, evaluating its relationship with soil chemical 

attributes and functional genes involved the soil N cycle; b) determine the effects of applying 

biochar derived from different lignocellulosic biomasses available in Brazil (sugarcane straw and 

bagasse, and pine and eucalyptus biomass on soil N2O emissions, and correlate with soil and 

biochar attributes. 
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2. CONVERSION OF SUGARCANE STRAW TO BIOCHAR: IMPLICATIONS ON N2O EMISSIONS 

AND MICROBIAL COMMUNITY 

Abstract 

The use of sugarcane (Saccharum spp.) straw has been considered as a management 

strategy due to its potential as a feedstock for bioenergy production. One of the by-

products from the pyrolysis of sugarcane straw biomass is biochar, a C-rich material that 

has been studied for its role in suppressing soil greenhouse gas emissions driven by N 

fertilizers. However, understanding the magnitude of mitigation and how biochar 

influences soil N2O emissions remains limited. In this scenario, the focus of this study was 

to assess the effects of the application of sugarcane straw-based biochar on N2O emissions 

from tropical soils.  We also explored if the effect of biochar on N2O formation is 

associated with changes in the functional genes related to the soil N-cycle. To achieve those 

goals, a greenhouse pot experiment with sugarcane plants was conducted for 60 days. 

Treatments consisted of five treatments: control (CTR), N fertilizer (NF), NF + 15 Mg ha-1 

straw (NF+S); NF + 5 Mg ha-1 biochar (NF+B5); and NF + 10 Mg ha-1 biochar 

(NF+B10). Our results showed that N2O emissions under NF+S soils were 73% higher 

than those for biochar treatments (NF+B5 and NF+B10). However, biochar did not 

decrease N2O emissions driven by N fertilizer application at any level of application rates. 

Plants grown under NF+S increased biomass production, although this gain was not 

enough to compensate for gas emissions since N2O emission intensity from NF+B5 and 

NF+B10 were 63% and 62% lower, respectively. The straw material also immobilized N-

NH4
+, whereas both biochar treatments had the same effect on soil N-NH4

+ dynamics as 

NF. Biochar application increased soil C, where NF+B10 had values 11% higher than NF. 

Overall, the ammonia-oxidizing bacteria (AOB) relative abundance in soils amended with 

biochar and straw were higher than in the NF treatment. During the highest emission 

period the nitrification step was the main microbial pathway process controlling the N2O 

fluxes, as pointed out by the strong positive correlation with AOB amoA gene seen in the 

the canonical discriminant analysis. Conversely, denitrification did appears to influence 

N2O emissions under tropical soils, as nirK and nirS did not correlated with N2O emissions. 

Biochar application at a 5 Mg ha-1 rate increased the nosZ relative abundance by the end of 

the experiment compared with NF+S and CTR. However, the changes in the nosZ relative 

abundance caused by treatments did not decreased N2O fluxes. Thus, our results suggest 

that straw-based biochar application is a promising strategy to reduce N2O emissions 

compared to sugarcane straw maintained on the soil surface in sugarcane fields. 

Keywords: straw removal; marker genes; GHG emissions; N dynamic; tropical soils. 
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2.1. Introduction 

To ensure the energy supply demands of an increasing world population (UN DESA, 

2022), the use of non-fossil alternatives is a fundamental key to reducing greenhouse gas (GHG) 

emissions and limiting global warming. Brazil is the second largest biofuel producer in the world, 

only behind the USA (FAO, 2021), with a production based mostly on sugarcane (Saccharum spp.) 

cultivation (EPE, 2022). As a result of this high demand, Brazil occupies a leading position as a 

sugarcane producer, with an estimated area of 8.4 million ha utilized for its production (CONAB, 

2023). Biofuels made from sugarcane stalk biomass stand out for their sustainability since their 

use as a gasoline replacement can significantly decrease GHG emissions (Cavalett et al., 2013; 

Wang et al., 2014).  

Another environment-friendly option recently explored is the second-generation 

biofuels produced from lignocellulosic biomass residues. They represent an alternative to reduce 

the competition between the energy and food sectors, as the sugarcane stalk can be utilized for 

both sugar and ethanol production (Dias et al., 2018; Thompson & Meyer, 2013). Among the 

gases emitted by the sugarcane biofuel supply chain, nitrous oxide (N2O) is one of the main 

contributors to the emissions linked with the activity (Pereira et al., 2019). Although N2O 

emissions are lower than carbon dioxide (CO2), this gas is capable of absorbing 273 times more 

radiation than CO2, remaining in the atmosphere for over 109 years (Foster et al., 2021). Due to 

its contribution to global warming, continued increases in N2O emissions, as seen in the last 

years, may affect the proposed sustainability goals to limit the increase in the global temperature 

by 2°C until the end of the century (Meinshausen et al., 2022). It is estimated that approximately 

44% of the total GHG emissions from the production of one liter of sugarcane ethanol can be 

attributed to the use of synthetic or organic nitrogen (N) in agricultural soils (Carvalho et al., 

2021). As soils are a natural N2O source, N inputs from fertilizers influence the magnitude of gas 

formation, which makes direct emissions from agricultural soils a major contributor to 

anthropogenic N2O emissions (FAO, 2021; Tian et al., 2020).  

The forms of N added via fertilizers (i.e., ammonium (N-NH4
+) and nitrate (N-NO3

-)) 

are available in the soil solution and can be metabolized by soil microorganisms, thereby 

intensifying the N2O formation by biotic processes. Among the many N transformations 

undergoing in soil, nitrification and denitrification process are considered the main biotic 

pathways for the N2O formation (Figure 2) (Stein, 2020). Since these are the major routes for 

N2O production, current studies focus on the analysis of microorganisms containing specific 

functional genes (Harter et al., 2014; Morales et al., 2010). These genes are responsible for 
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encoding enzymes accountable for catalyzing N transformation processes in the soil. In the 

nitrification process, the main drivers of N2O emissions are ammonia-oxidizing archaea (AOA) 

and bacteria (AOB) containing the amoA (Stein, 2019). Similarly, the nitrite (NO2
-) reduction to 

nitric oxide (NO) is a key step to denitrification as it transforms mineral N into a gas form by 

microorganisms containing the copper nitrite reductase (nirK) and iron nitrite reductase (nirS) 

genes (Kuypers et al., 2018). In the last steps of denitrification, the N2O produced by NO 

reduction can be utilized as an electron receptor by nosZ-containing microorganisms, 

transforming it into dinitrogen gas (N2) by the enzyme nitrous oxide reductase (Stein & Klotz, 

2016). The reduction of N2O to N2 is the only known biological sink for N2O. Thus, the 

processes that influence this step can lead to changes in the GHG consumption/emission 

patterns. In agreement with this idea, several reports point out that these genes can respond 

significantly to the input of organic residues, having its response often linked to the patterns of 

N2O formation and consumption (Lourenço et al., 2018; Wan et al., 2023).  

 

 

Figure 2. Overview of the N transformations in soil mediated by microorganisms that encode ammonia monooxygenase (amoA), 

nitrite reductase (nirK and nirS), and nitrous oxide reductase (nosZ) enzymes (Brady & Weil, 2016; Stein, 2019).  

 

One residue that has been considered as a feedstock for second-generation bioenergy is 

sugarcane straw since it is produced in high quantities and can be an economically feasible option 

(Cervi et al., 2021; Okuno et al., 2019). However, straw-removal operations can increase GHG 

emissions in the life-cycle analyses of biofuels, which can hamper the sustainability of the 

product. A possible pathway to decrease GHG emissions associated with this process is the use 

of biochar as a soil amendment (Lefevebre et al., 2021), as the material is obtained together with 

bio-oil through the pyrolysis of organic biomasses. In the pyrolisys, the high temperatures and 

low or zero oxygen levels transforms the organic materials, producing bio-oil, biochar, and bio-

gas (Kambo & Dutta, 2015; Kan et al., 2016; Wang & Wang, 2019). Biochar is a carbonized 

material rich in aromatic carbon (C) that has been utilized for soil application for its benefits 
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related to C sequestration and N2O mitigation potential (Blanco-Canqui, 2021). Once applied to 

the soil, biochar can persist for years, as seen in Terra preta soils, where the material is still 

present after being added by human activity centuries ago (Kern et al., 2019).  

Biochar use as a soil amendment can influence soil N2O formation by increasing it, 

lowering, or having neutral effects, as pointed out by several meta-analyses (Borchard et al., 2019; 

Kaur et al., 2023; Woolf et al., 2021). However, the effects of biochar on N2O emission 

mitigation are not always consistent, as demonstrated by the low responses to biochar application 

in some of the evaluated papers by Kaur et al.(2023). One of the proposed mechanisms by which 

biochar can influence soil N2O fluxes is by controlling the soil microbial sources and sink, 

marked by functional genes (Harter et al., 2014; Zhang et al., 2021). In a scenario where the straw 

is removed for bioenergy production, the biochar obtained by the thermal conversion process 

can return to croplands as a management strategy to mitigate N2O emissions. However, the 

biochar impacts on N2O fluxes are dynamic, and there is no consensus on the mechanisms that 

influence the gas emissions. Furthermore, most studies that evaluated the biochar impact on N2O 

emissions have been conducted in temperate climate conditions, thus creating a knowledge gap 

for tropical environments. 

Based on this scenario, we hypothesized that soil application of straw-derived biochar 

would result in lower N2O emissions than keeping the straw in its natural form above the soil 

surface. Therefore, the objectives of this study were to: a) assess the N2O emission response to 

the application of sugarcane straw-derived biochar compared with straw-covered soils, b) analyze 

the interaction between N2O emissions induced by biochar and straw with changes in N-related 

functional genes. To the best of our knowledge, this is the first study to evaluate the effects of 

biochar on the relationship between N2O emissions and N-related functional genes in Brazil.  

 

2.2. Material and Methods 

2.2.1. Experimental design  

A 60-day pot experiment with sugarcane plants was conducted in a greenhouse 

environment to test our hypothesis. Plants were grown in pots with a volume capacity of 9 L (20 

cm x 22 cm x 27 cm); each one was filled up with 8.3 kg of dry soil. Pre-sprouted sugarcane 

seedlings (variety RB 985476) were utilized for propagation. The soil used in the experiment was 

classified as an Ferrasol (IUSS, 2022) sampled from a commercial sugarcane field (47°19′ W, 

22°44′ S) located in São Paulo State, Brazil. Soil samples were collected from the surface layer (0-
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20 cm). Soil samples were collected prior to the beginning of the experiment in order to proceed 

to obtaing the soil physicochemical characteristics (Table 1). Soil chemical analyses were 

performed according to Raij et al. (2001), and soil particle-size analysis was done according to 

Dane & Topp (2020).  

 

Table 1. Physicochemical properties of the soil utilized in the 60-day greenhouse experiment.  

Parameters Values 

pH (CaCl2) 6.5 

Organic Matter (g dm-3) 35.7 

P (mg dm-3) 239.2 

S (mg dm-3) 8.0 

K (mmolc dm-3) 0.9 

Ca (mmolc dm-3) 77.9 

Mg (mmolc dm-3) 32.2 

Al (mmolc dm-3) < 0.1 

H+Al (mmolc dm-3) 13.3 

B (mg dm-3) 0.2 

Cu (mg dm-3) 2.65 

Fe (mg dm-3) 47.0 

Mn (mg dm-3) 8.32 

Zn (mg dm-3) 4.07 

Sand (g kg-1) 474.5 

Silt (g kg-1) 117.2 

Clay (g kg-1) 408.2 

Soil texture Clayey 

 

The study was arranged in a completely randomized experimental design with five 

treatments and five replicates each. The treatments consisted of unfertilized soil (CTR); soil with 

N fertilizer application (NF); NF with 15 Mg ha-1 sugarcane straw application (NF+S); NF with 5 

Mg ha-1 biochar application (NF+B5); and NF with 10 Mg ha-1 biochar application (NF+B10). 

The straw rate was chosen based on mean straw production in sugarcane fields in Brazil (10-20 

Mg ha-1) (Menandro et al., 2017). For the biochar rate of 5 Mg ha-1, a mean production rate of 30-

35% was considered for sugarcane straw biochar during pyrolysis (Abbruzzini, 2015; Lefebvre et 

al., 2020). Based on this, the 10 Mg ha-1 rate was chosen to observe the effects of doubling the 

previous rate, since most studies about the biochar effects on N2O emissions are performed with 

biochar inputs higher than 5 Mg ha-1. Ammonium sulfate was applied on the soil surface at a rate 
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of 2.5 g N kg-1 in all treatments with N fertilizer addition at day zero of the experiment. All 

treatments received 1.6 g P2O5 kg-1 and 2.5 g K2O kg-1 through single superphosphate and 

potassium chloride, respectively.  

To prepare the NF+B5 and NF+B10 treatments, 21 and 42 g of biochar were 

thoroughly homogenized with the soil respectively, while 62 g of straw was placed on the soil 

surface to emulate field conditions. All rates were calculated on a dry soil weight basis. To 

stabilize microbial activity, the pots were pre-incubated for 13 days prior to the start of the 

experiment. For that, the soil was added to the pots, and the respective biochar and straw 

treatments were set. All rates were calculated on a dry soil weight basis. Throughout the 

experiment, soil water content was maintained at 60% of the water field pore space (WFPS) 

based on soil moisture measurements using the sensor TEROS 10 (Meter), which was calibrated 

in advance for the soil in use 

 

2.2.2. Biochar production and physicochemical properties 

Biochar was produced with sugarcane straw as feedstock (Bioware, Campinas, Brazil). 

The feedstock material was left to dry until it reached ~10% moisture, and then it was crushed 

and sieved into a 5-mesh particle size. With the feedstock material prepared, it was fed to a 

fluidized bed fast-pyrolysis reactor at a 60 kg h-1 rate and 450°C temperature. The chemical 

composition characteristics of sugarcane straw biochar is shown in Table 2. More details about 

pyrolysis conditions and biochar characterization analysis can be found in Borges et al. (2020). 
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Table 2. Chemical properties of sugarcane straw biochar and sugarcane straw. 

Parameters Biochar Sugarcane Straw 

Density (g cm-3) 0.1 0.2 

pH (CaCl2) 7.5 4.2 

CEC (cmolc kg-1) 37 24 

C:N 104 97 

Ash (g kg-1) 340 465 

C (g kg-1) 519 485 

N (g kg-1) 5 5 

P (g kg-1) 2 2 

K (g kg-1) 7 3 

Ca (g kg-1) 8 4 

Mg (g kg-1) 3 1 

S (g kg-1) 0.4 0.3 

B (mg kg-1) 12 3 

Zn (mg kg-1) 67 31 

Cu (mg kg-1) 30 7 

Mn (mg kg-1) 479 110 

Fe (mg kg-1) 9634 2583 

CEC: Cation exchange capacity. 

 

2.2.3. GHG sampling and measurements 

For gas sampling, mini-PVC static chambers (diameter: 5 cm, height: 15 cm) were 

placed in each replicate. The chambers were sealed through lids with septa only during the gas 

sampling period, with air samples being collected from the chamber headspace (117.8 cm3). Gas 

samples (20 mL) were collected at 0, 15, and 30 minutes after the lid was closed by using a 

syringe during the morning period (10:00 h to 12:00 h). A reflux with the syringe was performed 

prior to sample collection to homogenize the atmosphere within the headspace. Sample 

collection was perfomed six days a week during the first 14 days, 3 days a week for the following 

3 weeks, and 2 times a week in the last four weeks of the experiment. Gas samples were 

immediately stored in vacuumed Exetainer vials (12 mL; Labco Inc., UK). Samples were injected 

in a Shimadzu gas chromatograph (GC 2014, Japan), equipped with an electron capture detector 

(ECD) to quantify N2O, and a hydrogen flame ionization detector (FID) to quantify CO2 and 

CH4. The column temperature was maintained at 80°C, while ECD and FID temperatures were 
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set at 325°C and 250°C, respectively. Daily GHG fluxes were calculated through linear 

extrapolation methodology based on Jantalia et al. (2008) using the following equation:  

𝑁2𝑂𝑓𝑙𝑢𝑥𝑒𝑠 = 𝑃 × 𝑉 × 𝑇 ×  (
∆𝐶

∆𝑡
) × 𝐴−1 × 

𝑚

𝑉𝑚
 

where P is the atmospheric pressure (atm), V is the empty headspace volume (L), T is 

the air temperature (K),  ∆𝐶/∆𝑡 is the concentration change rate inside the chamber during the 

period during which it is closed, A is the soil surface area covered by the chamber (m²), and 

𝑚/𝑉𝑚 is the transformation constant of N2O into N which considers the molecular weight of 

N2O (𝑚) by the gas molar volume (𝑉𝑚). Based on the daily GHG emissions previously calculated, 

the cumulated gas emissions were estimated by linear interpolation between two sequential 

samplings over 60 days.  

 

2.2.4. Soil total C, total N, and mineral N analysis 

Soil mineral N concentrations were obtained from soil samples collected at a depth of 5 

cm from the pot surface from all experimental units, on four representative sampling days (3, 11, 

39, and 60 after N fertilizer application). For this, 20 grams of soil were stored in a plastic bag 

and then maintained in a fridge at -5°C until further use. The samples were then extracted by 

using 50 mL of a 2 M KCl solution. From the extracted solution, ammonium (N-NH4
+) and 

nitrate (N-NO3
-) were quantified through the steam distillation method (Keeney & Nelson, 2015). 

In order to convert the obtained N concentrations to a dry-weight basis (mg kg-1), soil samples 

(10 g) were weighed before and after being air dried at 105°C until reaching a constant weight to 

determine the soil moisture content. Soil total C and N concentrations were determined from 

samples collected at the end of the experiment. Soil samples were air-dried, and then crushed and 

passed through a 150 mm sieve before C and N were quantified through dry combustion.The 

quantification was performed through dry combustion utilizing the TruSpec CHN elemental 

analyzer (LECO - St. Joseph, MI, USA).  

 

2.2.5. Soil DNA extraction and real-time quantitative PCR 

Soil sampling for microbiological analysis was taken at a depth of 3 cm from the pot 

surface during four periods of time (on days 3, 11, 39, and 60 after N fertilizer application). The 



29 

 

 

 

amount of soil collected in each pot was enough to fill a 2 ml Eppendorf tube, and these soil 

samples were stored at a temperature of -80°C until further use. Afterward, soil subsamples of 

0.300 mg had their DNA extracted with the use of the FastDNA SPIN Kit for Soil (MP 

Biomedicals - Santa Ana, CA, USA), following the instructions of the manufacturer. The quality 

of the extracted DNA was checked through agarose gel electrophoresis 0.8% (w/v), and 

concentrations of samples were determined by the absorbance reading at ratios 230, 260, and 280 

nm (NanoDrop 2000c, ThermoFisher Scientific, Waltham, MA, USA).   

Quantitative polymerase chain reaction (qPCR) was performed to quantify functional 

marker genes related to total bacteria abundance (16S), and genes responsible to encode archaeal 

(AOA) and bacterial (AOB) ammonia monooxygenase (amoA), nitrite reductase (nirK and nirS), 

and nitrous oxide reductase (nosZ) enzymes. The qPCR was realized in the StepOne PlusTM 

Real-Time PCR System (Applied Biosystems) equipment. For the analysis, the mixture reaction 

contained 2 µL of the DNA template, 5 µL of SYBRGreen PCR Master Mix (Applied 

Biosystems, Waltham, MA, USA), 1 µL of forward primer (5 µM), 1 µL of reverse primer (5 µM), 

and 1 µL water to complete a final reaction volume of 10 µL. Information about real-time qPCR 

conditions and primers can be found on Table S1.  

Data obtained from the qPCR was utilized to calculate the relative target gene 

abundance, where absolute gene values were normalized to the total amount of bacteria 

quantified in each sample. For this operation, the total copies quantified by each gene were 

divided by the total 16S rRNA gene copies.  

 

2.2.6. Biomass production and N2O emission intensity 

All sugarcane plants were harvested on the 60th day with a knife and cut at the bottom 

for the aboveground biomass production measurements. The sampled biomass was reduced into 

smaller pieces through a grinder. For fresh belowground biomass measurement, the plant roots 

were collected, washed for soil removal, and weighed. All the fresh material was air dried at 60°C 

until no variation in the weight was observed. At this point, the plant material was weighed again 

on a digital scale to obtain the aboveground and belowground dry biomass.  

The N2O emission intensity (EI) is a parameter that expresses the ratio between the 

amount of N2O emitted in a CO2 equivalent basis, per yield production unit, calculated by the 

following equations (1) and (2):  
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𝐶𝑂2 𝑒𝑞 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (𝑔 𝑝𝑜𝑡−1) =
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑁2𝑂 (𝑚𝑔 𝑚2) × 𝑝𝑜𝑡 𝑠𝑢𝑟𝑓𝑖𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2) × 273

1000
   (1) 

𝐸𝐼𝑁2𝑂 =
𝐶𝑂2 𝑒𝑞 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (𝑔 𝑝𝑜𝑡−1)

𝐴𝑏𝑜𝑣𝑒𝑔𝑟𝑜𝑢𝑛𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑘𝑔  𝑝𝑜𝑡−1 )
   (2) 

where CO2 eq emission (g pot-1) denotes the N2O quantity emissions, and aboveground biomass 

is expressed on a dry basis (kg pot-1). For gas conversion into CO2 equivalent (CO2-eq), 273 was 

considered as the global warming potential from N2O (Foster et al., 2021).  

 

2.2.7. Statistical analysis 

Data were analyzed using the R software (R Core Team, 2022). Response variables that 

were only measured at the end of the experiment or analyzed as cumulative responses (i.e., 

cumulative N2O, emission intensity, aboveground biomass, and belowground biomass) were 

submitted to a one-way analysis of variance (ANOVA). Mean comparisons were performed using 

the emmeans package with Tukey adjustment at α=0.05 (Lenth, 2022). A repeated-measures model 

was performed to test the response of N mineralization and functional gene abundance to 

treatments using the nlme package (Pinheiro et al., 2022; Pinheiro & Bates, 2000). Treatment and 

DAF were set as fixed effects, and the interaction among replicates and treatment as random 

effects.  

The addition of a heteroscedasticity group and covariance structures were evaluated 

through the improvement in the heterogeneity and normality of the residuals. The goodness of fit 

between the simple and more complex models was assessed according to the AIC fit statistic 

(Burnham & Anderson, 2002). As mineralization affects N availability over time, the DAF was 

incorporated as the a priori known within-group heteroscedasticity structure to account for 

unequal variances (varIdent, nlme) in the analysis of soil N-NO3
- and N-NH4

+ (Pinheiro et al. 

2000). Adding a grouping structure did not improve the model fit for gene expression and the 

addition of covariance structures among measurements obtained in a same experimental unit did 

not improve the overall fit of the model for all response variables (Piepho et al., 2003; 

WoTolfinger, 1996).  

The canonical discriminant analysis (CDA) was used as a dimension-reduction approach 

to determine the linear combination of the measured variables that maximized the differences 

between treatments and DAF (Arnold et al., 2019). The CDA derives canonical discriminant 
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functions that have the highest possible multiple correlations with groups and summarizes the 

among-class variation (Vaylay & van Santen, 2002). For the CDA obtention, the candisc package 

was utilized to facilitate the differentiation of groups by considering the interrelationships of the 

independent variables (treatments) based on the correlations among all variables measured 

(Friendly & Fox, 2021).  

 

2.3. Results 

2.3.1. GHG fluxes and cumulative emissions 

Overall, NF+S presented emission peaks superior to other treatments over the 

experiment period (Figure 3 A). All treatments with N fertilizer presented high emission peaks 

between 12 and 16 days after fertilization (DAF), except for NF+B10 which happened on the 6th 

DAF. Among those treatments, peak daily means N2O emission varied from 26 mg N m-2 day-1 

under NF to 82 mg N m-2 day-1 under NF+S. Moreover, the biochar treatments (NF+B5 and 

NF+B10) had peak emissions of 27 and 28 mg N m-2 day-1, respectively. No peaks were observed 

under CTR, with the higher daily emission of 2.1 mg N m-2 day-1 happening on the 2nd DAF. On 

the 40th day, N2O emissions were near zero for all treatments, and this pattern was maintained 

until the end of the experiment.   
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Figure 3. Temporal changes in N2O flux (A), and cumulative N2O (B) in response to soil only (CTR), N fertilizer application 

alone (NF), or combined with straw (NF+S), or variable biochar rates – 5 (NF+B5) and 10 Mg ha-1 (NF+B10), over a 60-

day greenhouse pot experiment. Data (mean ± SE, n=5) followed by different letters denote significant differences between 

treatments by Tukey's test (p < 0.05). 

 

Cumulative N2O emission was significantly affected by N fertilizer and organic residues 

(Table S2; p <0.05). The NF+B5 and NF+B10 showed no differences concerning cumulative 

N2O, totaling 320 and 322 mg m-2, respectively (Figure 3 B). Furthermore, both biochar rates had 

cumulative N2O emission 73% lower than NF+S (1194 mg m-2). Despite this reduction, the 

biochar treatments registered emissions 1.3 folds higher than the mean observed under NF (243 

mg m-2). However, this increase was not significant (p<0.05). Besides, N fertilizer addition 

increased by 30-folds the cumulative N2O emissions compared to CTR (8 mg m-2). Carbon 

dioxide (CO2) and methane (CH4) fluxes presented temporal variation throughout the experiment 

(Figure S1 A, C). However, cumulative CO2 and CH4 were not influenced by the treatments 

(Figure S1 B, D). 
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2.3.2. Dynamics of soil mineral N concentration 

Significant differences among treatments were observed through measures in time 

analysis (MANOVA) for soil N-NH4
+ and N-NO3 (Table S2). All treatments showed a similar 

trend for N-NH4
+ concentration during the experimental period, with soil concentration 

decreasing over time (Figure 4 A). At 3 DAF, all treatments had peak N-NH4
+, with values 

ranging from 3.5 mg N kg-1 (CTR) to 1802 mg N kg-1 (NF+B5). The treatment NF+S had lower 

N-NH4
+ availability at 3 and 11 DAF, presenting concentrations lower than NF. The values of 

N-NH4
+ under NF+B5, NF+B10, and NF were similar throughout the experimental period. Soil 

N-NO3
- concentration increase was observed at 11 DAF for most of the treatments, except for 

NF+S (Figure 4 B). The concentration of N-NO3
- in NF+S treatment differed from the CTR 

only at 39 DAF, which, together with the biochar treatments, had the highest values. Soils under 

the NF+B5 and NF+NB10 treatments presented similar N-NH4
- and N-NO3

- values in all 

evaluated sampling points. Additionally, soil N mineral availability only differed between NF and 

biochar treatments in the N-NO3
- concentration at the 39 DAF. At the end of the experiment, 

both N-NH4
+ and N-NO3

- values were similar and close to zero for all treatments.  
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Figure 4. Soil ammonium N-NH4
+ (A) and nitrate N-NO3

- (B) concentration in response to soil only (CTR), N fertilizer 

application alone (NF), or combined with straw (NF+S), or variable biochar rates – 5 (NF+B5) and 10 Mg ha-1 (NF+B10), 

over a 60-day greenhouse pot experiment. Data (mean ± SE. n=4) followed by different letters denote significant differences 

between treatments by Tukey's test (p < 0.05).  

 

2.3.3. Functional genes associated with the soil N cycle 

Overall, functional gene abundance varied in response to the sampling period and 

treatments application (Figure 5; Table S3). Comparing the genes associated with the nitrification 

step at 3 and 11 DAF, AOA-amoA had a peak 2-fold higher than AOB-amoA. Moreover, AOA-

amoA gene abundance decreased throughout the experiment, as AOB amoA genes increased. At 

11 DAF, NF+S had the highest mean and increased the AOB-amoA gene by 90% compared to 

NF. Furthermore, the NF+S treatment had a higher relative abundance of AOB-amoA than all 
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treatments except NF+B10. For the 60th day, the AOB amoA genes relative abundance 

registered under the NF+S treatment was only higher than CTR, and all treatments with N 

fertilizer presented similar values. 

Among the genes linked with nitrite reduction, the nirS relative abundance was superior 

to the nirK gene. The nirK gene relative abundance generally increased with time and peaked at 

0.09%, as observed under NF on the 60th day, with CTR having the lowest result. Also at that 

period, NF had a higher nirK relative abundance than NF+S and NF+B10. No differences were 

observed between NF+S or NF+B10 nirK results. Concerning the treatment effects on the nirS, 

soils under NF+B5 presented a higher relative abundance of the gene than NF+S and CTR. On 

the 11th day, the relative abundance of nosZ was similar in all treatments containing N fertilizer, 

except for NF+B5. At 60 DAF, all biochar treatments had the same nosZ expression as NF, 

where only NF+B5 presented a higher value than NF+S. 
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Figure 5. Gene abundance related to archaeal (AOA-amoA) and bacterial ammonium oxidation (AOB-amoA), denitrification (nirK 

and nirS), and complete denitrification (nosZ), relative to the 16S rRNA. Data (mean ± SE. n=4) obtained in response to soil 

only (CTR), N fertilizer application alone (NF), or combined with straw (NF+S) or variable biochar rates – 5 (NF+B5) or 10 

Mg ha-1 (NF+B10). Data (mean ± SE. n=4) followed by different letters denote significant differences between treatments at 

the same period by Tukey's test (p < 0.05). 
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2.3.4. Correlations between N2O emissions, soil mineral N availability, and 

functional genes abundance   

A canonical discriminant analysis (CDA) was performed for different sampling days. 

Considering the first and second axis together, the analyzes explained 96,6% of the total variance 

on day 3; 96.7% on day 11; 82.8% on day 39, and 86.1% on day 60 (Figure 6). At 3 DAF, N2O 

soil emissions were strongly correlated with soil N-NH4
+ concentration, followed up by the N-

NO3
- levels (Figure 6 a). Conversely, all functional genes exhibited a weak correlation with the gas 

flux that day. At the 11 DAF, the strongest positive relationship with N2O fluxes was seen with 

the AOB-amoA gene, as shown by the first canonical variate (Figure 6 b). A negative correlation 

was seen between N2O fluxes and the nosZ gene abundance in both axes (Figure 6 b). Moreover, 

nirS mean relative abundance negatively correlated with N2O flux only at the first canonical 

variate, albeit less strongly than the one observed for nosZ. At the 39 DAF, N-NO3
- showed a 

stronger positive correlation than soil  N-NH4
+ with N2O emissions (Figure 6 c). Among the 

functional genes analyzed, nirK abundance had the strongest positive correlation with N2O flux 

(Figure 6 c). As for the 60 DAF (Figure 6 d), AOA-amoA and AOB-amoA were the only 

functional genes to exhibit a relationship with N2O on both axes, whereas nirK was the only 

functional gene that correlated negatively with N2O on the first canonical variate. The CTR was 

primarily separated from the other (Figure 6 a,b,c), indicating that the effect of treatments was 

temporary. On the day of high N2O emission (Figure 6 b), the NF+S was separated from the 

CTR and the other treatments, and N2O emissions correlated AOB-amoA abundance.  
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Figure 6. Canonical discriminant analysis for daily N2O emission (N2O), soil ammonium (NH4), and nitrate (NO3) 

concentrations; functional genes related to archaeal (AOA) and bacterial (AOB) ammonia oxidation, denitrification (nirK 

and nirS); and total denitrification (nosZ) on days 3 (a), 11 (b), 39 (c), and 60 (d) after N fertilizer application (DAF). 

Different ellipses indicate the grouping of different canonical means for treatments, and the response variables are 

represented by arrows. CAN1: canonical variable 1; CAN2: canonical variable 2. 

 

2.3.5. Soil total C, N, and C/N ratio 

The concentration of soil C and and C/N ratio values are presented in Table 3, where 

only total C showed differences among the treatments (Table S2). Soil C content varied from 23 
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under NF to 26 (g kg-1) under NF+B10 (Figure 7). Both NF+B5 and NF+B10 had the highest 

soil C concentrations, albeit having similar values to CTR and NF+S (p<0.05). However, the 

biochar treatments were the only ones that presented a higher soil C value than NF. The NF+B5 

and NF+B10 treatments showed increased soil C content by 6.8 and 11.6 % compared to NF. 

While the soils under NF+S treatment were similar to NF treatment. Soil total N values ranged 

from 1.81% to 1.95%, but no significant differences were identified among treatments (Table S4). 

As for the C/N ratio, values ranged from 13.1, under both NF and NF+S treatments, to 13.4 

under NF+B10 (Table S4). 

 

 

Figure 7. Soil total C concentration in response to N fertilizer application alone (NF) or combined with straw (NF+S) or variable 

biochar rates – 5 (NF+B5) or 10 Mg ha-1 (NF+B10), over a 60-day greenhouse pot experiment. Data (mean ± SE. n=5) 

followed by the same letters do not differ significantly by Tukey's test (p <0.05).  

 

2.3.6. Biomass production and N2O emission intensity 

The mean results of aboveground biomass, belowground biomass, and emission 

intensity were different among treatments (Table 3). Higher above and belowground biomass was 

observed in NF+S. The treatments NF, NF+B5, and NF+B10 presented similar aboveground 

biomass, which was higher than CTR. The treatment NF+S also registered a high average N2O 
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emission intensity. On average, the treatments NF+B5 and NF+B10 present an N2O emission 

intensity 63% and 62% lower than the NF+S treatment, respectively. The NF treatment had 

similar emission intensity compared with biochar treatments.  

 

Table 3. Above and belowground sugarcane biomass (dry basis), and N2O emission intensity in response to N fertilizer 

application alone (NF) or combined with straw (NF+S) or variable biochar rates – 5 (NF+B5) or 10 Mg ha-1 (NF+B10), 

over a 60-day greenhouse pot experiment. Data (mean ± SE. n=4) followed by the same letters do not differ significantly by 

Tukey's test (p <0.05). 

Treatment 
Aboveground Biomass Belowground Biomass N2O Emission Intensity 

(g pot-1) (g pot-1) (g CO2 eq. kg biomass-1) 

CTR 25.7 ± 2.4 c 39.6 ± 4.5 b 5.0 ± 1.3 c 

NF 45.1 ± 2.3 b 59.4 ± 9.2 b 83.8 ± 6.0 b 

NF+S 65.0 ± 2.9 a 131.8 ± 18.1 a 288.3 ± 17.3 a 

NF+B5 47.0 ± 1.7 b 61.7 ± 8.2 b 106.0 ± 13.4 b 

NF+B10 47.2 ± 1.0 b 54.4 ± 6.5 b 107.4 ± 9.6 b 

 

2.4. Discussion 

The results obtained herein show that the application of straw-based biochar resulted in 

lower N2O emissions compared to keeping sugarcane straw material on the surface which had 

the highest cumulative N2O emissions (Figure 3). Although the application of both biochar rates 

induced a cumulative soil N2O emission 73% lower than NF+S, it was not different from NF. 

Furthermore, the different rates of biochar application (5 and 10 Mg ha-1) had no effect on soil 

N2O emissions. This finding goes against what was found by Kaur et al. (2023), who observed 

that biochar application reduces by 10% – 50% the emissions of N2O driven by N fertilizer 

addition. Nevertheless, it is important to highlight that besides the biochar impact on N2O 

emissions being highly variable, the most significative mitigation results were associated with 

higher biochar rates than the ones used in this study.  

Previous studies in tropical soils have contrasting results regarding the mitigation 

potential of biochar, with variations in the magnitude of N2O emission suppression (Abbruzzini 

et al., 2019; Grutzmacher et al., 2018; Novais et al., 2017; Rittl et al., 2021), and some studies also 

finding neutral effects  (Lu et al., 2020; Novais et al., 2017; Ramlow et al., 2019). In contrast to 

previous findings that observed that the N2O mitigation effect increased with the biochar rate 

applied (Rittl et al., 2021), our results exhibited no relationship among these parameters. A 
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hypothesis for these contrasting might be the different experimental conditions and the low 

biochar rates used in our experiment (≤10 Mg ha1), as the inconsistency of biochar capacity to 

mitigate N2O fluxes can be attributed to these factors (Huang et al., 2023; Kaur et al., 2023).   

Consistent with our findings, other studies concluded that the maintenance of a large 

amount of sugarcane straw on the soil surface results in high N2O emissions (Carmo et al., 2013; 

Gonzaga et al., 2018; Vasconcelos et al., 2022). This effect of straw management on soil N2O 

emissions is relatively well-documented. Currently, the primary method of sugarcane harvest in 

Brazil leaves a large amount of sugarcane straw on the agricultural field (Menandro et al., 2017), 

with this approach being reportedly associated with an increase in soil N2O emissions when 

utilized along with N fertilizer input (Vargas et al., 2019; Vasconcelos et al., 2018). Soil N2O 

emissions driven by this management strategy are likely associated with the addition of fresh 

organic residues, N fertilizer presence, and higher moisture content since the straw minimizes 

water loss to the atmosphere (Fracetto et al., 2017; Ruiz Corrêa et al., 2019). The maintenance of 

soil moisture can result in the formation of suboxic or anoxic microsites, as the low levels of 

oxygen caused by the water inside soil pores influence the magnitude of N2O production 

(Davidson et al., 2000). Moreover, plant residues such as sugarcane straw can absorb water inside 

their tissue and exhibit intense microbial activity, thus forming significant hotspots for 

denitrification even in dry soils (Kravchenko et al., 2017).  

Nevertheless, the alterations in soil driven by straw coverage can also influence 

sugarcane biomass production. This assumption is supported by the study of Carvalho et al. 

(2019), who observed through a meta-analysis study that different levels of straw removal harmed 

the sugarcane yield in some of the studied sites. Conversely, the biochar addition, in both rates, 

did not increase biomass production above the levels seen under NF. As biochar has direct 

effects on soil water and nutrient retention (Huang et al., 2021; Jesus et al., 2023; Jindo et al., 

2020), it can enhance crop production when applied at high rates (Abbruzzini et al., 2019). But 

recent reports have highlighted that crop yield responses to biochar addition are not easily 

predicted, having no clear correlations with soil characteristics (Lehmann et al., 2021).  

Despite the higher biomass production observed under straw-covered soils, those also 

presented the highest soil N2O emission intensity (Table 3), indicating that more N2O was 

emitted per unit of aboveground biomass. The emission intensity takes into consideration the 

amount of N2O emitted on a CO2 equivalent basis per unit of the agricultural product obtained, 

and it is considered to be an important indicator to evaluate the sustainability of the crop system 

(Campanha et al., 2019; Sainju, 2016). As biochar application can enhance crop productivity while 
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decreasing N2O emissions, previous reports have pointed out its ability to reduce global warming 

potential (Liu et al., 2019), which was not confirmed by our study. However, it is essential to 

highlight that the calculated N2O emission intensity does not consider C sequestration induced by 

the application of biochar and straw, which can change the GHG emission balance from a long-

term perspective. Therefore, it fails to account for the soil organic C storage, which contributes 

to lower the GHG balance from the activity (Bhattacharyya et al., 2022; Guenet et al., 2021; Song 

et al., 2021).  

The highest increase in soil C under treatments with biochar addition Figure 7can be 

attributed to the fact that although both sugarcane straw and biochar have significative C 

concentrations (Das et al., 2021; Ghodake et al., 2021; Menandro et al., 2017), the C present in 

the composition of biochar was already incorporated in the soil and, therefore, quantified by the 

analysis. On the other hand, the straw biomass carbon could only be incorporated into the soil 

after its decomposition transformations had taken since it was placed on the soil surface, which 

can take a long period of time (Cotrufo et al., 2015). Overall, even though biochar application at 

the rates 5 and 10 Mg ha-1 had the highest total C accumulation gains, no significant increases in 

the CO2 cumulative emissions were observed, probably due to the highly recalcitrant and stable 

nature of the C present in the biochar composition (Tozzi et al., 2019). This indicates that the 

added C by the biochar is momentarily stable and is not lost in gaseous form to the atmosphere, 

which aligns with studies that have not observed an increase in cumulative CO2 emissions caused 

by biochar addition (Jiang et al., 2016). Furthermore, it was observed that the soil C content 

decreased when only N fertilizer was applied, which reinforces the importance of crop residues 

for maintaining C stock levels in agricultural soils of tropical environments (Rasche & Diego, 

2020; Tenelli et al., 2021).  

Previous studies have pointed out the ability of biochar to retain available ions present 

in the soil solution, such as N-NH4
+

 and N-NO3
-, which can be influenced by parameters such as 

feedstock material and pyrolisis temperature (Elkhlifi et al., 2023; Joseph et al., 2021). In contrast, 

our results showed no significant changes in N availability caused by biochar addition regardless 

of the application rate (Figure 4). The more prominent immobilization effect on N-mineral was 

registered under soils with straw addition (NF+S) due to its capacity to retain N (Carvalho et al., 

2017) (Figure 6 a,b). This effect happens mainly by the presence of labile C components in the 

straw material (Vasconcelos et al., 2018), which can enhance soil microbial activity and favor N 

immobilization. A possible indication that biochar-N interaction was significant was that it 

presented higher N-NO3
- levels on the 39 DAF (Figure 4 A). This late decrease in N-NO3 
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concentration might be due to the added N was initially in the ammoniacal form. This shows the 

role that organic material plays in maintaining the soil N under forms available to be taken up by 

plants, which is a critical aspect in terms of crop nutrition (Otto et al., 2016; Castro et al., 2021). 

One possible explanation for our lack of results regarding the impact of biochar impact on N 

availability is the period of evaluation (60 days) since the ion adsorption ability can be more 

intense in field-aged biochar (Haider et al., 2020; Hagemann et al., 2017).  

We expected to see a correlation between AOA-amoA genes as they registered a high 

relative abundance under treatments with high N2O emissions, but this was not confirmed by the 

CDA. Instead, it seems that the primary pathway related to the N2O emissions was associated 

with AOB organisms, as pointed out by the strong positive correlation (Figure 6 b). In line with 

our findings, previous studies also reported that under tropical soils, increases in soil N2O 

emissions were mainly associated with AOB abundance (Grassmann et al., 2022). Our results also 

registered an increase in the AOB-amoA relative abundance under straw-covered soils, which also 

exhibited higher N2O emissions (Figure 5). This result corroborates with previous works that 

have emphasized that AOB-amoA abundance is correlated with N2O sugarcane soils under 

residues amendment, such as straw and vinasse (Lourenço et al., 2018; Soares et al., 2016). 

Although both the metabolism of AOA and AOB can influence soil N2O production (Stein, 

2020), previous reports mention that AOB can be responsible for up to 70% of the nitrification 

derived-N2O emission (Liang & Robertson, 2021). Thus, it appears that the alterations in the 

populations of ammonia-oxidizing bacteria play a central role in controlling N2O emissions in 

tropical soils.  

Taxonomic shifts have been reported in nirK and nosZ-expressing communities under 

biochar-amended soils (Harter et al., 2017), possibly due to the material impacts on parameters 

that affect microbial metabolism, such as electron transfer properties, soil pH, oxygen levels, and 

nutrient availability (Chen et al., 2014; Choudhary et al., 2021; Kaur et al., 2023; Verheijen et al., 

2019). However, we did not observe any significant responses until the end of the experiment for 

the nirK, nirS, and nosZ (Figure 5). Even at the sampling points where treatments influenced the 

relative abundance of denitrification-related genes, the CDA analysis did not exhibit any strong 

relationship between the relative abundance of the genes and N2O fluxes (Figure 6). Possibly the 

late treatment effects on genes involved in denitrification, combined with the lack of correlation 

with N2O fluxes, may be due to the denitrification pathway not being a significant source of N2O 

emissions on tropical soils, where nitrification can play a major role (Pajares & Bohannan, 2016). 

This hypothesis is supported by the work of Grassmann et al. (2022), which also observed that 
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N2O fluxes had a closer relationship with AOB than denitrification genes. Nevertheless, it is 

essential to mention that there are few specific data regarding biochar impacts on the N-related 

functional genes in tropical soils, which may represent a knowledge gap for results comparison. 

Considering that the N2O response to the biochar presence is complex and varies vastly 

with biotic and abiotic factors, studies such as this could help estimate the benefits that biochar 

application use can have on agriculture in tropical countries. However, it is essential to mention 

that even though straw removal can be an alternative to reduce N2O emissions, it is worth 

considering that a certain quantity should remain in the field to guarantee that parameters such as 

nutrient cycling, soil conservation, and soil ecology are not being jeopardized (Cherubin et al., 

2021; Menandro et al., 2019). Therefore, the several local studies that documented the ideal 

removal percentage for each agricultural field (Carvalho et al., 2019; Tenelli et al., 2021) should be 

considered. Those scientific reports have included specific factors from each area, such as 

biomass capacity production, soil carbon stocks, and texture.  In addition, a possibility to be 

explored is the use of other lignocellulosic residual feedstock biomasses that are also considered 

cost-effective options for biochar production, such as forest residues from pine and eucalyptus 

(Cervi et al., 2021; Roozen, 2015). Therefore, future studies considering the use of biochar by 

agriculture as a nature-based solution should explore other types of feedstock biomass together 

with the ideal sugarcane straw removal rates that each area can support to mitigate N2O 

emissions.  

 

2.5. Conclusions 

The use of straw-derived biochar did not decrease N2O emissions driven by N-fertilizer 

addition, regardless of the application rate of 5 or 10 Mg ha-1. However, the conversion of 

sugarcane straw into biochar followed by its use as soil amendment represents 73% less N2O 

cumulative emissions than leaving the raw material above the soil surface. The straw presence 

also induced an increase in the relative abundance of amoA-containing bacteria, which indicates 

that the rise seen in N2O emissions under these soils might be linked with the presence of AOB 

microorganisms. Conversely, the biochar influence on the genes related to the soil N-cycle did 

not correlate with N2O emissions. To the best of our knowledge, this is the first study to evaluate 

the biochar impact on N2O emissions under tropical environments. Therefore, our study helps to 

provide information about the biochar impact on N2O emissions which can be used in future 
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life-cycle assessment analysis that analyses that aims to quantify the GHG balance under straw-

removal for bioenergy production scenarios. 
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Supplementary information 

Table S1. Real-time qPCR conditions and primer utilized for the quantification of funcional marker genes. 

Gene name Primers Primer sequence (5' -> 3') 
Thermal cycling 

conditions 
Amplicon size (pb) References 

   95°C - 10 min.; 
 

Muyzer, et al., 1993 

16S rRNA Eub338 5´-CCTACGGGAGGCAGCAG-3' 40 cyclesː 
 

Bacteria Eub518 5´-ATTACCGCGGCTGCTGG-3' 95°C - 30 s.; 180 

   
53°C - 40 s.;  

 
  

72°C - 40 s.*  

 
  95°C - 10 min; 

 

Henry et al. 2006 
 

nosZ2F 5’-CGCRACGGCAASAAGGTSMSSGT-3’ 40 cycles: 
 

nosZ nosZ2R 5’-CAKRTGCAKSGCRTGGCAGAA-3’ 95°C - 40 s.; 267 
 

  
63°C - 30 s.; 

 
 

  
72°C - 40 s.*  

 
  95°C - 5 min.; 

 

Francis et al. 2005 
 

Arch-amoAF 5’-STAATGGTCTGGCTTAGACG-3’ 40 cycles: 
 

AOA-amoA Arch-amoAR 5’-GCGGCCATCCATCTGTATGT-3' 95°C - 40 s.; 635 
 

  
56°C - 30 s.;  

 
  

72°C - 1min.*  

 
  95°C - 10 min; 

 

Rotthauwe et al. 
1997 

 
amoA1F 5’-GGGGTTTCTACTGGTGGT-3' 40 cycles: 

 
AOB-amoA amoA2R 5’-CCCCTCKGSAAAGCCTTCTTC-3' 95°C - 40 s.; 491 
 

  
56°C - 30 s.;  

 
  

72°C - 1 min.*  

 
  95°C - 10 min; 

 

Henry et al. 2004 
 

NirK876 5'-ATYGGCGGVAYGGCGA-3' 40 cycles: 
 

nirK NirK1040 5'-GCCTCGATCAGRTTRTGGTT-3' 95°C - 15 s.; 165 
 

  
63°C - 30 s.;  

 
  

72°C - 30 s.*  

 
  95°C-10 min.; 

 

Throbäck et al. 
2004 

 
nirScd3aF 5'- GTSAACGTSAAGGARACSGG -3' 40 cycles 

 
nirS nirSR3cd 5’- GASTTCGGRTGSGTCTTGA -3’ 95°C-20 s.; 425 

 
  

63°C-30 s.;  

      72°C-30 s.*   
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Table S2. Analysis of variance (ANOVA) results for cumulative N2O, biomass production, N2O emissions intensity, soil C, N and C/N ratio as a response to treatments; and repeated-measures analysis 

of variance (MANOVA) for soil mineral N (N-NHO3
- and N-NH4

+) concentrations as a response to treatments and time, measured in days after fertilizer application (DAF). 

ANOVA 

Source of 
variation 

DF 
Residual 

DF 
Cumulative N2O 

N2O Emission 
Intensity 

Aboveground 
Biomass 

Belowground 
Biomass 

Total C Total N C/N Ratio 

   
F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value 

Treatment 4 20 119.79 <.0001 88.60 <.0001 11.94 <.0001 11.94 <.0001 3.56 <.05 2.47 0.07 2.47 0.07 

MANOVA 

Source of 
variation 

DF 
Residual 

DF 
N-NO3

- N-NH4
+ 

 
  

F-value P-value F-value P-value 

Treatment 4 15 22.5 <.0001 2.2 0.124 

DAF 4 60 152.4 <.0001 170.2 <.0001 

Treatment x 
DAF 

16 60 18.6 <.0001 16.2 <.0001 

DF: Degrees of freedom; DAF: Days after fertilizer application. 
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Figure S1. CO2 flux (a), cumulative CO2 emissions (b), CH4 flux (c), and cumulative CH4 emissions (d); in response to N 

Fertilizer application. alone (NF) or combined with straw (NF+S) or variable biochar doses – 5 (NF+B5) or 10 Mg ha-1 

(NF+B10). over a 60-day greenhouse pot experiment. Data (mean ± SE. n=5) followed by (*ns) are not different by 

ANOVA(p <0.05). 
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Table S3. Repeated-measures analysis of variance (MANOVA) for the relative abundance of the amoA, nirK, nirS, and nosZ functional genes, and 16S total abundance as a response 

to treatments and time, measured in days after fertilizer application (DAF). 

MANOVA 

Source of 
variation 

DF 
Residual 

DF 
16 S  AOA  AOB  nirK  nirS  nosZ  

   
F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value 

Treatment 4 15 3.4 0.03 1.9 0.14  4.1 0.01 4.0 0.02 22.5  <.0001 5.0 <.05 

DAF 3 44 44.8 <.0001 2.1 0.10 14.1  <.0001 19.6  <.0001 152.4  <.0001 8.0 <.05 

Treatment x 
DAF 

12 44 2.4 <.05 1.9 0.06 2.8  0.005 3.4 0.001 18.6  <.0001 2.5 <.05 

DF: Degrees of freedom; DAF: Days after fertilizer application. AOA: amoA-containing archaeas. AOB: amoA containing bacterias. 
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Table S4. Soil total N, and C/N ratio in response to N fertilizer application, alone (NF) or combined with straw (NF+S) or 

variable biochar doses – 5 (NF+B5) or 10 Mg ha-1 (NF+B10), over a 60-day greenhouse pot experiment. Data (mean ± SE. 

n=5) followed by the same letters do not differ significantly by Tukey's test (p <0.05). 

 

Treatment 
N 

C/N ratio 
g kg-1 

CTR 1.83 ± 0.06   a 13.2 ± 0.11 a 

NF 1.77 ± 0.04 a 13.2 ± 0.05 a 

NF+S 1.81 ± 0.03 a 13.1 ± 0.16 a 

NF+B5 1.88 ± 0.03 a 13.3 ±0.24 a 

NF+B10 1.95 ± 0.02 a 13.5 ±0.24 a 
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3. THE N2O EMISSION RESPONSE TO THE APPLICATION OF DIFFERENT TYPES OF BIOCHARS 

Abstract 

Biochar is the solid by-product of thermal conversion from organic biomasses, and its 

use by agriculture can represent a cost-effect solution to decrease soil nitrous oxide (N2O) 

emissions. Currently, in Brazil, agricultural and forestry residues represent the main available 

biomasses to be utilized as feedstock for biochar production. Thus, the present study focused on 

evaluating if the use of different biomasses would impact the biochar capacity to influence N2O 

emissions. To assess these effects, we conducted a 60-day greenhouse pot experiment with 

sugarcane plants, with 6 treatments: soil only (CTR); soil + N fertilizer (NF); NF + sugarcane 

(Saccharum spp.) straw biochar (NF+SB); NF + sugarcane bagasse biochar (NF+BB); NF + 

residue biochar of Pinus spp. (NF+PB); and NF with residue biochar of Eucalyptus spp. 

(NF+EB). Our results showed that regardless of the feedstock material utilized, all evaluated 

biochars reduced the cumulative N2O emissions by 25-50%. The highest mitigation capacity was 

observed under NF+SB, whereas NF+EB had a lower ability to suppress N2O emissions than 

sugarcane-derived biochar. Moreover, the feedstock material also influenced the different 

chemical properties found in the biochar, where forestry residues biochar showed a higher C 

content and aromatic C functional groups on its surface. The higher C presence in those 

materials resulted in an increase in soil C levels above the ones registered for sugarcane-based 

biochars. Our results showed that N fertilizer and biochar application, regardless of the feedstock 

material, did not influence biomass production by sugarcane plants. Biochar application also did 

not affect N-NH4
+ availability. Conversely, overall soils under NF+BB, NF+PB, and NF+EB 

registered lower N-NO3
- concentration than NF, indicating that these materials could retain the 

anion. Our findings suggest that biochar produced from eucalyptus residue is the least 

recommended option if the final objective of the practice is N2O suppression. At the same time, 

pine biomass residue was the best option to decrease N2O emissions and increase soil C storage. 

Based on our findings, the relationship between feedstock material and N2O emissions suggests 

that this parameter could be used as a possible GHG response predictor under tropical 

environments. Hence, biochar application in tropical soils is a recommended strategy to decrease 

N2O emissions while increasing soil C storage, confirming that it should be considered in future 

projects as a nature-based solution for reducing GHG emissions by agriculture.  

Keywords: scanning electron microscopy; SEM, x-ray photoelectron spectroscopy; XPS; 

greenhouse gas; GHG. 
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3.1. Introduction 

Biochar, also known as "black-carbon (C)", is a carbonaceous material obtained from 

the thermal conversion of organic materials under high temperatures and limited oxygen 

conditions (Kambo & Dutta, 2015; Kan et al., 2016; Wang & Wang, 2019). Research over the 

past years have pointed out several unique characteristics of biochar that make its use as soil 

amendment be considered a nature-based solutions  (Lehmann et al., 2006, 2021; Woolf et al., 

2010). Nature-based solution is an umbrella term recently adopted by policymakers that includes 

initiatives to protect biodiversity and ensure the functioning of ecosystem services while tackling 

social challenges such as climate change (Seddon et al., 2019). The use of biochar in agriculture as 

a nature-based solution relies on two important mechanisms: the promotion of carbon (C) 

sequestration and the decrease of greenhouse gas (GHG) emissions (Blanco-Canqui, 2021). The 

impact of biochar on soil C sequestration can persist for years, as seen in Terra preta soils, where 

the material is still present after being added by human activity centuries ago (Kern et al., 2019; 

Spokas, 2010). Regarding soil GHG emissions, the use of biochar tends to decrease nitrous oxide 

(N2O) emissions from croplands (Cayuela et al., 2013; Huang et al., 2023). 

The N2O is a GHG with a global warming potential 273 times greater than CO2 (Foster 

et al., 2021). An increase in the N2O fluxes derived from agricultural activities has been observed 

in the past years, mainly caused by the N input through organic and inorganic fertilizers 

(Montzka et al., 2011; Tian et al., 2020). Despite several observations about the biochar capacity 

to mitigate N2O emissions (Kaur et al., 2023), some studies have also registered neutral effects 

from this practice (Munera-Echeverri et al., 2022; Ramlow et al., 2019). The variability in the 

N2O-biochar interaction is due to the influence of several factors, some of them linked to soil 

management practices, N fertilizer rate and type, presence of organic residues, soil pH, and 

biochar application rate (Boateng et al., 2020; Feng et al., 2018; Wang et al., 2018; Wu et al., 

2018). Moreover, the physicochemical properties of biochar (e.g., feedstock material, pyrolisis 

temperature, C: N ratio, N content, surface area, and pH) may also affect the response of N2O 

emissions (Kollah et al., 2022; Liao et al., 2021; Lyu et al., 2022). Because of the relationship 

among these variables, the sum between them will modulate the response of soil-plant-

atmosphere system to its use as a soil amendment. 

Recent studies have sought to investigate the mechanisms of biochar that may influence 

soil N2O emissions dynamics, but no conclusive answer has been achieved yet (Cayuela et al., 

2014; Joseph et al., 2021). In this context, previous reports have considered that the chemical 

composition of different feedstock biomasses could influence the response of N2O in biochar-
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amended soils. Moreover, the feedstock material has a relevant influence on physicochemical 

properties of the biochar (Ippolito et al., 2020), as wood-based biochar can express distinct 

characteristics from biochar produced from herbaceous biomasses. Overall, lignocellulosic 

biomass-biochar can be categorized into two groups; wood-biochars are considered to be made 

from forestry and wood residues, while herbaceous-biochars include crops and their plant 

residues (Tomczyk et al., 2020). 

Among the available residual biomasses in Brazil, residues from forestry and sugarcane 

production are possible sources for biochar production, as they represent a cost-viable option 

(Cervi et al., 2021; Roozen, 2015). Although both herbaceous and wood-derived biochar has 

been reported to be able to suppress N2O emissions (Li et al., 2019; Lyu et al., 2022; Zhang et al., 

2023), some studies have pointed out differences in the magnitude of this response (Lan et al., 

2019; Ramlow et al., 2019). Previous reports have mentioned that the feedstock material can 

influence electrochemical properties of biochar (Chacón et al., 2017), which can be altered by the 

concentration and type of the functional groups expressed in the surface of biochar (Yuan et al., 

2021; Yuan et al., 2019). The electrochemical character has been pointed out as one of the 

studied hypotheses for the mitigation of N2O emissions registered under biochar-amended soils, 

as its “electron transfer” capacity can enhance the N2O reduction to dinitrogen gas (Cayuela et 

al., 2013; Yuan et al., 2019). Moreover, a recent study observed that the feedstock characteristics 

could influence N2O reduction, where materials with poor lignin content can express a higher 

capacity to mitigate N2O emissions (Pascual et al., 2020). Therefore, understanding the effect of 

the soil-plant-atmosphere system response to biochar application produced from different 

feedstocks can help to predict the environmental and agronomic benefits of this management 

strategy. 

Hence, we hypothesized that wood-derived biochar would have a lower capacity to 

mitigate N2O emissions driven by N fertilizer than crop residue biochar due to their specific 

physicochemical characteristics. For that, the present study was made with the objective of a) 

characterizing the chemical properties of biochar from different feedstocks and correlate it with 

soil N2O emissions, b) assessing the influence of feedstock materials utilized for biochar 

production on soil N2O emissions 
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3.2. Material and Methods 

3.2.1. Biochar production and physicochemical properties 

A greenhouse experiment was conducted with sugarcane plants (Saccharum spp.), where 

four types of biochar produced from sugarcane crop (straw and bagasse) and forestry (Pinus spp. 

and Eucalyptus grandis) residues were evaluated over 60 days. Forestry biomass comprised post-

harvest residues (i.e., pruning wastes and tree bark). The biochars were obtained using a fluidized 

bed fast-pyrolysis reactor, operating at temperatures ranging from 450 to 500°C. The range in the 

temperature was due to the characteristics of the auto-thermal pyrolysis utilized, where the 

differences in the lignocellulosic biomasses resulted in distinct environmental conditions 

necessary to keep the pyrolysis temperature stable. The feedstock material used for biochar 

production together with the pyrolysis temperature and code can be found on Table 4. 

Table 4: Feedstock materials and  pyrolysis temperature for biochar obtention.  

Feedstock material 
Biochar 

code 

Pyrolisis temperature  

(°C) 

Sugarcane straw SB 450 

Sugarcane bagasse BB 450 

Pine residue PB 500 

Eucalyptus residue EB 450 

 

The carbon (C) and nitrogen (N) total content of the biochars were performed before 

its application on the soil. The samples were prepared by grinding biochar particles with a pestle 

and mortar and passed through a 0.5 mm sieve. Total C and N (%) quantification was performed 

by the dry combustion method using a TruSpec CHN elemental analyzer (LECO - St. Joseph, 

MI, USA). The results of biochar chemical characterization, as well as the C/N ratio results, can 

be found in Table 5.  

 

Table 5. Chemical characteristics of biochar obtained from different feedstocks (n=3).  

Feedstock material 
pH C N 

C/N Ratio 
 (%) (%) 

Sugarcane straw 7.5 45.5 0.7 64.1 

Sugarcane bagasse 8.8 43.8 0.6 73.1 

Pine residue 7.8 60.8 0.5 114.4 

Eucalyptus residue 8.9 62.9 0.4 138.3 
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The biochar samples were examined through scanning electron microscopy (SEM) to 

assess the microstructural and morphological characteristics of the materials produced from 

different feedstocks. Biochar samples were prepared by passing the material through a 0.5 mm 

sieve. Chemical composition and distribution analysis of the biochars were obtained using 

dispersive X-ray spectroscopy (EDS), which quantifies the elemental particle composition from 

the outermost layer (~100 nm) to approximately 2 μm inside the sample (Hagemann et al., 2017). 

Both SEM and EDS images were obtained in an Inspect F50® (ThermoFisher Scientific - 

Waltham, MA, USA) microscope equipped with an EDS sensor. The x-ray photoelectron 

spectroscopy (XPS) technique was utilized for chemical quantification and characterization of the 

elements and functional carbon (C) groups present in the surface layer of the materials. This 

technique consists of the emission of x-rays on the sample to detect the photoelectrons emitted 

by each atom type, thus quantifying the elemental composition and chemical bonds found at 10 

nm from the surface (Joy et al., 1986). The XPS analysis was performed in triplicates, in different 

sample areas with a spot size of 400 μm, on a K-Alpha XPS (ThermoFisher Scientific) using an 

A1 K α (1486 eV). A pass energy of 200 eV was utilized for survey scans and 50 eV for a specific 

region (C1s). Spectra were fitted through the Thermo Avantage software (version 5.921), and 

core level binding energies were adjusted to the C1s region of 285.0 eV. The atomic percentage 

of the elements was calculated using the relative peak area in the spectrum by the total peak area 

of each element. The elemental composition was used to compare the different biochar samples 

and not to imply the absolute composition of the samples. 

 

3.2.2.  Experimental design 

A pot experiment was conducted in a greenhouse environment over 60 days. One pre-

sprouted sugarcane seedling was planted (var. CTC 9001) per pot (27,5 x 27 x 21 cm), where each 

pot consisted of an experimental unit. Six treatments were arranged in a completely randomized 

design with four repetitions. The treatments consisted of soil without the addition of nitrogen 

fertilizer and biochar as the control (CTR); soil with N fertilizer addition (NF); NF with 

sugarcane straw biochar (NF+SB); NF with sugarcane bagasse biochar (NF+BB); NF with pine 

biochar (NF+PB); and NF with eucalyptus biochar (NF+EB). Each pot was filled with 7 kg of 

sieved dry soil (< 2 mm mesh). The soil (0-20 cm) was collected from a sugarcane field in São 

Paulo – Brazil and classified as an Ferrasol (IUSS, 2022) with 40% clay, 11% silt, 47% sand, pH 

in CaCl2 of 6.5, Al of <0.1 mmolc dm-1, available-P of 239 mg dm-3, K of 0.9 mmol dm-3, and 
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organic matter of 35.7 g dm-3. All soil physicochemical characterization analyses were performed 

before the establishment of the experiment, following the methods proposed by Raij et al., 

(2001).  

For the treatments with biochar application, 70 g of biochar was mixed and 

homogenized to the soil at a rate of 1 % (w/w) (equivalent to 20 Mg ha-1) before the pots were 

filled. Soil moisture was adjusted to 60% of water-filled pore space (WFPS) as it better represent 

the conditions found on brazilian soils, with this moisture level was maintained throughout the 

experiment period. The pots were pre-incubated for 10 days to stabilize microbial activity; after 

that, the N fertilizer was applied, which represents the beginning of the experiment. Nitrogen 

fertilizer was applied at a rate of 3 g N kg-1 rate using ammonium sulfate in all treatments except 

for the control. To attend to the nutritional demands of the plant, phosphorus (P) and potassium 

(K) were applied in all treatments at the following rates: 2 g soil-1 of P2O5 via single 

superphosphate; and 3 g soil-1 of K2O via potassium chloride. Based on the volumetric water 

content obtained using a soil humidity sensor (TEROS 10, Meter – São José dos Campos, SP, 

Brazil), water field pore space (WFPS) was maintained at 60%. 

 

3.2.3. GHG sampling and measurements 

During the experimental period, gas samples for N2O analysis were collected from a 

mini PVC static chamber with 5 cm in diameter and 15 cm in height. One chamber was installed 

per experimental unit and remained open except during the gas sampling events. The chamber 

was closed with a lid containing a hole sealed with a 1.5 mm silicon septa. Gas samples were 

collected from the headspace of the chamber at 0, 15, and 30 minutes after the lid was closed of 

each experimental unit, using a syringe equipped with a stainless needle (0.13 mm diameter). 

After that, gas samples were placed in 12 ml pre-evacuated vials (Exetainer; Labco Inc., UK). The 

N2O concentration of the gas samples was quantified by Shimadzu gas chromatography (GC 

2014, Japan) through an electron capture detector (ECD). Based on these results, the daily fluxes 

were estimated from the linear increase of the N2O concentration values obtained from the 0, 15, 

and 30-minute samples (Jantalia et al., 2008). Daily fluxes were adjusted based on chamber 

headspace, soil temperature, and atmospheric pressure. The cumulative N2O emission was 

calculated by linear interpolation between two daily fluxes over the 60-day experimental period.  
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3.2.4.  Total C, total N, and mineral N soil analysis 

Soil samples (20 g) were collected in four representative sampling days (on four 

representative sampling days (4, 11, 39, and 60 after N fertilizer application) to determine the 

dynamics of mineral N (N-NH4
+ and N-NO3

-) concentrations. Based on the N2O flux, four 

sampling points (4, 11, 39, and 60 days after fertilizer application) were selected for the mineral N 

analysis procedure. For the mineral N extraction, 5 g soil subsamples was added to 50 ml of a 2 

M KCl solution (Buresh et al., 1982), agitated for 1 h, and gravity filtered. In order to convert the 

results to a dry-weight basis (mg kg-1), 12 g subsamples were weighed before and after oven-

drying at 105ºC until reaching a constant weight to determine the moisture content. From the 

extracted solution, soil N-NH4
+ and N-NO3

- concentrations were quantified through the steam 

distillation method (Keeney & Nelson, 2015).  

Soil samples for total C and N analysis were collected in the surface layer of the pot (0-

10cm) at the end of the experiment. These samples were oven-dried at 40°C for 48 hours, and 

then ground in pestle and mortar until all the soil passed through a 150 mm sieve. The samples 

were then, analyzed for total C and N determination by the dry combustion method, using a 

TruSpec CHN elemental analyzer (LECO - St. Joseph, MI, USA). 

 

3.2.5.  Biomass production and N2O emission intensity 

Sugarcane yield was measured by quantifying the above and belowground biomass. To 

separate both parts, the sugarcane plants were cut close to the soil surface after 60 days from the 

beginning of the experiment. To prepare the collected belowground biomass for measurement, it 

was thoroughly washed to remove soil particles. For dry weight determination of both parts, the 

materials were air dried at 35°C until maintaining a constant weight. The total biomass produced 

was considered the sum between sugarcane roots and leaves. This result was later utilized to 

calculate the N2O emissions intensity parameter, obtained by the ratio between CO2 eq emissions 

(g pot-1) and total biomass (kg pot-1). The CO2eq emissions were obtained by converting the 

cumulative N2O emissions to a CO2 equivalent basis, considering the global warming potential of 

273  (Foster et al., 2021). 
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3.2.6. Statistical analysis 

All data analysis was performed using the R software (R Core Team, 2022). A one-way 

analysis of variance (ANOVA) was performed to assess the influence of N fertilizer application 

and biochar type on N2O cumulative emissions, soil parameters (total C, total N, total C/N), and 

biomass production. The chemical composition and functional groups identified at the biochar 

surface were also compared through ANOVA. In the cases where the difference among 

treatments was significant at a 5% probability level, mean comparisons were performed according 

to Tukey's post hoc test using the emmeans package (Lenth, 2022). To evaluate the N-NH4
+ and 

N-NO3
- concentration dynamics over time, a repeated-measures analysis of variance (MANOVA) 

test was performed (p <0.05) using the "nmle" (Pinheiro et al., 2022). Treatment was set as a fixed 

effect, whereas the interaction among replicates, treatments, and time dynamics was set as 

random effects.  

As different sources of N affect mineralization over time, the inclusion of treatments or 

DAF was tested as the a priori known within-group heteroscedasticity structure to account for 

unequal variances (varIdent, nlme) in the MANOVA (Pinheiro & Bates, 2000). The weighted least 

squares model with treatments established as the heteroscedastic group was the one that best 

fitted the experimental data, and the inclusion of covariance structures did not improve the 

overall fit of the model. Normality and heterogeneity of the residual improvement was utilized to 

evaluate the addition of heteroscedasticity group and covariance structures. The goodness of fit 

between the simple and more complex models was assessed according to the AIC fit statistic 

(Burnham & Anderson, 2002). Additionally, principal component analysis (PCA) was used to 

assess the relationships between the cumulative soil N2O emission, mineral N concentration, and 

the biochar surface characterization data (chemical composition and functional groups) by x-ray 

photoelectron spectroscopy (XPS), using the base R prcomp() function (n=4).  

 

3.3. Results 

3.3.1. Physicochemical characteristics of biochars 

In order to obtain the chemical distribution of elements found in the biochar particles, 

captured by energy-dispersive x-ray spectroscopy (EDS), high-resolution images were obtained 

(Figure 8). The EDS spectrum showed that sugarcane straw biochar (SB) presented a higher 

proportion of O in its "bulk" elemental composition. Overall, the SB and BB showed higher 



67 

 

 

 

silica (Si) presence in their constitution than those obtained from forestry residues (Figure 8 a, b). 

Likewise, the EDS images obtained for PB and EB showed more significant calcium (Ca) 

concentration (Figure 8 c, d) than sugarcane-derived biochar.  

 

 

Figure 8. Chemical mapping by dispersive X-ray spectroscopy (EDS) of fresh biochar obtained from sugarcane straw (a) and 

bagasse (b), pine (c), and eucalyptus biomass (d). 

 

The survey x-ray photoelectron spectroscopy (XPS) analysis showed that the chemical 

composition of the surface layer of the biochar was generally similar among sugarcane-derived 

biochars (SB and BB) (Figure 9). Likewise, PB and EB exhibited close similarity in the elemental 

characterization. The surface layer of wood-derived biochar particles had more C than SB and 

BB, which conversely presented 35-37% more O than PB and EB. The increase in the amount of 

O observed for SB and BB was seen mainly in the forms of hydroxyl/ether (C−O) and 

carbonyl/carboxyl (C=O) (Figure 10). Minor amounts of Si, Al, and N were also quantified for 
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the sugarcane residues biochar on a surface, which was not seen for those produced from pine 

and eucalyptus biomasses (Figure 9).  

 

 

Figure 9. Survey x-ray photoelectron spectroscopy (XPS) analysis derived element composition of fresh biochar surface obtained 

from straw (SB), bagasse (BB), pine (PB), and eucalyptus (EB) biomass. The quantification elements of less than 1% were 

included in the "Others" category, including calcium, phosphorus, magnesium, and potassium Data (mean, n=3) followed by 

different letters denote significant differences among treatments by Tukey's test (p < 0.05). 

 

The different types of biochar had a significant interaction with the chemical bonds 

identified at the surface of the biochar particles (p < 0.05; Table S5). All the biochars presented 

different C functional groups, albeit the dominant component from all samples was the aromatic 

C (C−C/C=C) (Figure 10). The analysis revealed that PB had the lowest share of oxidized C 

species among the evaluated biochars (C−O; C=O; O−C=O), while SB exhibited the highest 
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value. As for the presence of carbonyl/carboxyl (C=O) groups, SB had higher values than EB, 

being the only difference among the evaluated types of biochar. Moreover, EB exhibited the 

highest share of hydroxyl/ether (C−O) among the evaluated biochars (p<0.05). The analysis also 

revealed more carboxylic acid (O-C=O) molecules in SB and BB. 

 

 

Figure 10. High-resolution carbon (HRC) x-ray photoelectron spectroscopy (XPS) results of the C-1s peak regional scan of 

different types of biochar obtained from straw (SB), bagasse (BB), pine (PB), and eucalyptus (EB) biomass. Data (mean, 

n=3) followed by different letters denote significant differences among treatments by Tukey's test (p < 0.05). 

 

High-resolution images obtained using scanning electron microscopy (SEM) revealed 

highly porous and heterogenous surfaces of biochar particles, where biochar obtained from 

different feedstock biomasses presented distinct microstructure (Figure 11). Figure 11 b and d 

shows the similarity between the structures of parenchyma and xylem fibers in SB and BB, 

respectively, that could still be identified after pyrolysis. EB and PB amplification images reveal a 

structure with many pores and cracks on the material's surface (Figure 11 f, h). The wood-derived 

biochar also exhibited more heterogenicity in the images, as its feedstock material comprises 

different plant parts (leaves, twigs pieces, and bark). 
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Figure 11. Particle surface microstructure images captured by scanning electron microscopy (SEM) of fresh biochar obtained 

from straw (a, b), bagasse (c, d), pine (e, f), and eucalyptus (g, h) biomass, at 150x (left column; scale bar 500 µm), and 1000x 

magnifications (right column; scale bar 100 µm). 



71 

 

 

 

3.3.2. N2O fluxes and cumulative emissions 

Increases in soil N2O emissions appeared in the first 10 days after fertilizer application 

(DAF) (Figure 12 A). Among the treatments with N fertilizer addition, the N2O fluxes were 

generally lower in soils under biochar application. Furthermore, the dynamics of N2O fluxes 

showed similar patterns among biochar treatments throughout the experiment, where NF+EB 

registered the highest peak emission of 74 mg N m-2 day-1 at day 7. Soils under NF treatment 

emitted >80% of their total N2O emissions only on the 43rd day, whereas this occurred between 

17 to 25 DAF for biochar treatments. The peak emission under no N fertilizer application (CTR) 

was 29 mg N m-2 day-1 at day 3, stabilizing near zero from day 15. The ANOVA results showed 

that the cumulative N2O emissions from biochar-containing treatments were lower than NF, 

regardless of the biochar type (p<0.05; Table S6). The most significant reduction was observed 

for NF+S, which had a cumulative N2O emission 50% lower than NF (Figure 12  B). Reductions 

of 35, 35, and 25% were also seen for NF+BB, NF+PB, and NF+EB, respectively, compared to 

NF. The only difference between biochar-amended soils was seen for NF+EB and NF+SB, 

where the sugarcane-straw biochar led to a lower cumulative N2O emission than NF+EB. 

Cumulative N2O emission under NF was 1066 mg m-2, representing an increase of 4.9 folds 

compared to CTR (219 mg m-2). 
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Figure 12. N2O temporal fluxes (A) and cumulative emissions (B) in response to soil only (CTR), N fertilizer addition alone 

(NF), or combined with biochar produced from sugarcane straw (NF+SB), sugarcane bagasse (NF+BB), pine (NF+PB) and 

eucalyptus (NF+EB). Data (mean ± SE, n=4) followed by different letters denote significant differences among treatments 

by Tukey's test (p < 0.05). 

 

3.3.3. Soil mineral N concentration dynamic 

The availability of soil mineral N (N-NH4
+ and N-NO3

-) was significantly influenced by 

the addition of N fertilizer and biochar throughout the experiment (p < 0.05; Table S6). Soil N-

NH4
+ ranged from below detection levels under CTR, to 1202 mg N kg-1 under NF+BB at 4 

DAF (Figure 13 A). By the 11 DAF, NF+SB exhibited higher soil N-NH4
+ availability than NF. 

For N-NO3
- concentration, only NF+BB had more N-NO3

- available than CTR at 11 DAF 

(Figure 13 B). All treatments with biochar addition presented N-NO3
- concentration levels bellow 

NF values at 39 DAF. At this period, NF+SB soils also exhibited more N-NO3
- available than 

NF+PB soils. By the end of the experiment, NF+BB, NF+PB, and NF+EB continued to 

present soil N-NO3
- levels below NF values, albeit all biochar-amended soils presented similar 

results. Moreover, NF+SB soils presented N-NO3
- levels similar to NF.  
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Figure 13: Ammonium N-NH4
+ (A) and nitrate N-NO3

- (B) soil concentration in response to soil only (CTR), N fertilizer 

addition alone (NF), or combined with biochar produced from sugarcane straw (NF+SB), sugarcane bagasse (NF+BB), pine 

(NF+PB) and eucalyptus (NF+EB). Data (mean ± SE, n=4) followed by different letters denote significant differences 

among treatments by Tukey's test (p < 0.05).  

 

3.3.4. Soil total C, N, and C/N ratio 

The ANOVA results showed a significant interaction between the evaluated treatments 

and soil C concentrations (Table S6). The soil C content ranged from 11 to 18 g kg- under NF 

and NF+PB, respectively (Figure 14). Soil C concentrations were highest under soils amended 

with wood-derived biochar, where NF+PB and NF+EB exhibited soil C levels 39% to 40% 

higher than NF. Soils amended with NF+BB presented C levels similar to CTR and NF. 

Whereas, NF+SB had soil C levels higher than NF, albeit being not different from CTR. 

Regarding total N concentration, NF+EB presented superior values than NF and CTR (p<0.05; 
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Table S7). The soil C/N ratio obtained under treatments with N fertilizer addition was similar, 

except for NF+PB which exhibited a superior C/N ratio (Table S7). 

 

 

Figure 14. Soil total C concentration in response to soil only (CTR), N fertilizer addition alone (NF), or combined with biochar 

produced from sugarcane straw (NF+SB), sugarcane bagasse (NF+BB), pine (NF+PB) and eucalyptus (NF+EB). Data 

(mean ± SE, n=4) followed by different letters denote significant differences among treatments at Tukey's test (p < 0.05). 

 

3.3.5. Biomass production and N2O emission intensity 

The aboveground biomass production varied from 13 - 16 g pot-1 under CTR and 

NF+B, respectively, and no significant differences among the treatments were observed (Table 

6). Nevertheless, the one-way ANOVA analysis showed that belowground biomass and N2O 

emission intensity had a significant interaction with treatments (p<0.05; Table S6).  All treatments 

with NF addition had a similar effect on the belowground biomass parameter (Table 6). 

However, for belowground biomass, a higher value was observed NF+BB compared with CTR. 

The highest N2O-emission intensity results were observed under treatments with N fertilizer 

addition, which presented EI values from 2 to 4.5-folds higher than CTR (Table 6). Soils under 

the NF presented higher N2O emission intensity than biochar-amended soils, except for the 

NF+EB treatment. The NF+SB, NF+BB, and NF+PB treatments exhibited lower N2O 

emission intensity by 40-55% compared to NF. 
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Table 6. N2O Emission intensity, sugarcane aboveground and belowground sugarcane biomass (dry basis) in response to soil only 

(CTR), N fertilizer addition alone (NF), or combined with biochar produced from sugarcane straw (NF+SB), sugarcane 

bagasse (NF+BB), pine (NF+PB) and eucalyptus (NF+EB). Data (mean ± SE, n=4) followed by different letters denote 

significant differences among treatments by Tukey's test (p < 0.05). 

Treatment 
Aboveground Biomass Belowground Biomass N2O Emission Intensity 

(g pot -1) (g pot -1) (g CO2 eq. kg biomass -1) 

CTR 13.3 ± 0.4 a 13.7 ± 0.6 b 270 ± 39.7 d 

NF 14.0 ± 0.5 a 14.6 ± 1.0 ab 1235 ± 61.9 a 

NF+SB 14.5 ± 0.8 a 17.4 ± 1.5 ab 592 ± 8.7 c 

NF+BB 16.7 ± 1.7 a 19.4 ± 1.8 a 680 ± 85.8 bc 

NF+PB 15.1 ± 0.7 a 15.6 ± 0.4 ab 745 ± 79.0 bc 

NF+EB 14.3   ± 1.0 a 15.2 ± 1.6 ab 924 ± 103.0 ab 

 

3.3.6. Correlation between N2O emissions, mineral N availability, and biochar 

functional groups  

The PCA was used to explore the relationships between response variables (i.e. soil 

mineral N and cumulative N2O emissions and biochar chemical properties (Figure 15). Taken 

together the cumulative proportion between the first (PC1) and second (PC2) principal 

components, it can explain 73.3% of the total variance observed in the data. The PC1 separated 

the different biochars into two groups: ones with high O content, carbonyl/carboxyl (C=O), 

carboxylic acid (O-C=O) on its surface and a high soil mineral N content; and biochars with 

higher C content, aromatic C (C−C/C=C), hydroxyl/ether (C−O), and N2O emissions. The first 

group with more O-containing functional groups was associated with the sugarcane-derived 

biochar (SB and BB), whereas the group with more aromatic C and hydroxyl/ether (C−O) forms 

were linked with the wood-derived biochar (PB and EB). Overall, the PC2 splits wood-derived 

biochars with high aromatic C at the top (PB), and those with high hydroxyl/ether and N2O 

values (EB) at the bottom. Increases in the hydroxyl/ether (C−O)form influenced a higher soil 

N2O emission, as indicated by the strong positive relationship seen on both axes between the two 

variables. The content of N-NH4
+ and N-NO3

- correlated positively with the presence of O on 

the biochar surface, together with the carbonyl/carboxyl (C=O), and carboxylic acid (O-C=O) 

forms. Furthermore, carboxylic acid (O-C=O) forms showed a positive interaction with N-NO3
- 

concentrations.  
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Figure 15: Principal component analysis (PCA) for soil cumulative N2O emissions and N mineral content by the end of the 

experiment, and surface chemical composition (C and O) and C functional groups of biochars. Variables are represented by 

arrows, being better represented when the arrow points are close to the correlation circle. SB: sugarcane straw biochar; BB: 

sugarcane bagasse biochar; PB: pine biochar, EB: eucalyptus biochar. PC1: first principal component; PC2: second principal 

component.   

 

3.4. Discussion 

Overall, the biochar application in soil reduced N2O emissions driven by N fertilizer 

regardless of the feedstock material used for biochar production. The magnitude of these 

reductions is consistent with previous meta-analyses that reported a range of 10 - 54% mitigation 

in N2O emissions due to biochar application (Cayuela et al., 2014; Kaur et al., 2023; Shakoor et 

al., 2021). This effect has been observed in several climatic regions; however, few observations 

have been reported under tropical environments (Huang et al., 2023). Though, the data variability 

regarding this response can be high, with some reports mentioning no effect caused by biochar 

application on GHG consumption/emission patterns (Munera-Echeverri et al., 2022; 

Toczydlowski et al., 2023), or even stimulation of N2O emission (Deng et al., 2019; Lin et al., 
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2017; Mahmud et al., 2018). The lack of response is attributed to many factors, one of them 

being the biochar application at lower rates low rates (<10 Mg ha-1), as greater N2O suppression 

is reportedly associated with higher rates. (Borchard et al., 2019; Lyu et al., 2022; Zhang et al., 

2023). Previous reports also mention that feedstock biomass can influence the final 

physicochemical properties of the biochar, thus influencing its capacity to suppress N2O 

emissions (Cayuela et al., 2014; Lyu et al., 2022).  

In our study, the feedstock used to produce biochar significantly influenced the 

magnitude of the reduction of N2O emissions. This result is supported by previous works 

pointing out that the type of feedstock utilized for biochar production interacts primarily with 

cumulative N2O emissions (Deng et al., 2021; Tarin et al., 2021). The most significant reduction 

was seen in soils amended with sugarcane straw biochar, where N2O emissions were 50% lower 

than in NF (Figure 12 B). This finding corroborates with studies that have observed suppression 

of N2O emissions caused by straw-based biochars (Abbruzzini et al., 2019; Hamad et al., 2023; 

Zhang et al., 2022). Conversely to previous studies that reported no reductions in soil N2O 

emissions in response to woody biochar application (Lan et al., 2019; Ramlow et al., 2019), we 

observed that both wood-based biochars reduced N2O emissions. Moreover, BB and PB biochar 

were similarly effective in reducing N2O emissions by 35% compared to straw-based biochar. 

Overall, we observed that straw-biochar was more efficient in reducing N2O emissions than the 

eucalyptus derived-biochar. In line with our observations, Grutzmacher et al. (2018) found that 

biochar from sugarcane filter-cake presented a greater capacity to reduce N2O emissions induced 

by N fertilizer application than the biochar from eucalyptus-sawdust. This effect might be related 

to the lignin content of the eucalyptus biomass since feedstocks biomasses with higher lignin 

content can result in a biochar with a lower N2O mitigation capacity (Li et al., 2023; Pascual et al., 

2020). 

Recent studies have observed that specific O-containing functional groups in the 

biomass can reduce the biochar capacity to transfer electrons to N2O-consuming 

microorganisms, further impairing N2O reduction to N2 (Yuan et al., 2021; Yuan et al., 2019). A 

hypothesis for the lowest mitigation effect registered for EB is the higher share of hydroxyl/ether 

(C−O) groups seen in the material (Figure 10), which exhibited a strong positive relationship 

with N2O emissions). One of the possible reasons for this effect is the link between O-containing 

functional groups and the biochar capacity to reduce N2O emissions by acting as an "electron 

shuttle" (Cayuela et al., 2013; Yuan et al., 2019). The biochar capacity to mediate extracellular 

electron transfer reactions is due to reactive surface O functional groups, which can influence the 
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metabolism of microorganisms involved in the N cycle (Joseph et al., 2021; Lovley & Holmes, 

2022). Conversely to our findings, these previous studies concluded that carboxyl and carbonyl 

(C=O) are the main functional groups most likely to inhibit N2O reduction. Nevertheless, these 

mechanisms are not completely elucidated, and more specific studies are necessary to unravel the 

impact of functional groups of feedstock biochar on N-related microorganisms in tropical soils.  

Along with the feedstock material influence on N2O emissions, we found that it also 

affected the different amounts of functional groups and the chemical composition of the biochar 

surface. One hypothesis for this interaction could be the effect of the feedstock properties on 

functional groups expressed by biochar, such as the relative proportions of cellulose, 

hemicellulose, and lignin (Chacón et al., 2017). Overall, the biochars were separated into two 

groups based on their similarity between chemical properties and impacts on N-related 

parameters: sugarcane-based biochars (SB and BB) and wood-derived biochars (PB and EB). Our 

results showed that biochars derived from sugarcane had a higher oxygen content on its surface 

than wood-derived biochars (Figure 9). In line with our findings, previous studies highlighted that 

biochar produced from crop residues, such as SB and BB, exhibits higher cation exchange 

capacity (CEC) than wood-based biochar (Ippolito et al., 2020).  

Furthermore, we observed a positive relationship between N-NH4
+ soil concentration, 

O surface content, carbonyl/carboxyl (C=O), and carboxylic acid (O-C=O) groups, which were 

higher in SB and BB (Figure 15). An explanation for this correlation is the link between cation 

exchange capacity (CEC) and O-containing functional groups in biochar, which can attract 

electrostatically available cations in the soil solution (Dai et al., 2021; Gai et al., 2014; Hansen et 

al., 2016). Thus, biochar with more acidic functional groups, such as carboxylic acid and carboxyl, 

will express more negative charges in a standard pH range found in soils. However, no relevant 

influences of biochar types on the soil N-NH4
+ dynamics were observed during the experimental 

period under soils amended with biochar (Figure 13 A). Similar results have been reported, 

highlighting that CEC of biochar particles was ineffective for N-NH4
+ retention (Abbruzzini et 

al., 2019; Castejón-del Pino et al., 2023). A possible explanation for this lack of response may be 

that biochar CEC increases with the residence time of the material in soil due to the oxidation of 

aliphatic and aromatic C forms (Joseph et al., 2021; Liang et al., 2006) and, the short period of 10 

days between biochar application, and subsequent N fertilizer application and soil N-NH4
+ 

evaluation (< 1 month) may not have been enough to show major changes on N-NH4
+ dynamics.  

The most considerable retention effect caused by biochar in soil mineral N was 

registered for N-NO3
- concentrations (Figure 13 B). Despite the biochar having a low anionic 
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exchange capacity (Gai et al., 2014), we observed while evaluating the N-NO3
- soil dynamics a 

significant reduction in the anion availability under soils amended with biochar. This reduction 

only appeared after an increase in the anion availability was registered, which occurred as the 

nitrification process of the N-NH4
+ added through N fertilizer. Our findings corroborate 

previous works highlighting a decrease in soil N-NO3
- values following biochar application (Jia et 

al., 2023) due to N-NO3
- retention inside the biochar particles (Hagemann et al., 2017; Haider et 

al., 2020). Among the evaluated treatments, only NF+SB presented values similar to NF in the 

sampling periods with significative differences, indicating a lower retention capacity of N-NO3
-. 

However, the soil N-NO3
- response to biochar application can be highly variable and even 

unrelated to the biochar feedstock material (Borchard et al., 2019).  

The interaction between biochar and soil N also influenced the N2O emission intensity 

(Table 6). Although all biochar-amended soils had similar emission intensity, only the eucalyptus-

derived did not differ from the N fertilizer treatment. Previous studies highlighted the biochar 

capacity to decrease N2O emission intensity (Huang et al., 2023; Liu et al., 2019). However, 

Huang et al. (2023) observed that reductions in soil emission intensity were higher for soils after 

the application of wood-based biochar than herbaceous biochar, which was inconsistent with our 

findings. As the emission intensity infers on the yield-scaled N2O emissions (Campanha et al., 

2019; Sainju, 2016), the low differences among biomass production can result in an N2O 

emission intensity more similar to the cumulative GHG values. Thus, a hypothesis for our 

contrasting results regarding wood-based biochar impact on N2O emission intensity might be due 

to slight changes in the sugarcane aboveground biomass production (Table 6). This response 

differs from previous works that have highlighted the biochar capacity to increase crop yield 

under tropical conditions (Huang et al., 2023; Liu et al., 2019). Regarding belowground biomass, 

the only difference was seen for NF+BB, which presented higher production than CTR. 

However, the increase between the two treatments was negligible since the values of biomass 

production were low. One of the results of biochar soil application is the increase in water hold 

capacity (Jesus et al., 2023), which can benefit plant growth due to higher water availability. As 

soil moisture was kept at the same level for all treatments, this could have hampered a key 

mechanism by which biochar could increase plant productivity in field conditions.  

Previous studies have registered increases in soil C content following biochar 

application, where the magnitude of this response can be influenced by the biochar feedstock 

material, with higher soil C accumulation associated primarily with wood sources (Huang et al., 

2023; Liu et al., 2016). Consistent with these findings, we observed a higher increase in the C 
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storage under soils amended with wood-based biochar than the ones derived from sugarcane 

residues, albeit C concentration in biochar-amended soil from sugarcane straw was higher than in 

the NF treatment (Figure 14). Reportedly, wood-derived biochar has a higher C share in its 

chemical composition (Ippolito et al., 2020; Li et al., 2023). Thus, applying biochar derived from 

wood sources would increase the C input to agricultural soils. Regarding the C content on the 

biochar surface, we also observed that PB and EB presented higher values than straw and 

bagasse-based biochars (Figure 9). Thus, the feedstock material derived from wood proved to be 

the most appropriate type of biochar to be adopted for an immediate increase in soil C levels. 

Analyzing the C forms expressed in each biochar, we found that the PB exhibited a slightly 

higher proportion of aromatic C structures (Figure 10), which may contribute to increasing its 

mean residence time in soil (Leng et al., 2019; McBeath et al., 2015; Yang et al., 2022). This effect 

may be more linked with the higher temperature utilized in the pyrolysis of PB, as it is reported 

to be the main factor influencing the degree of C condensation into aromatic forms (Paiva et al., 

2022; Singh et al., 2014; Tomczyk et al., 2020).  

Two critical aspects related to biochar usage as a soil amendment are the increase of soil 

C storage while simultaneously reducing GHG emissions (Paustian et al., 2016; Woolf et al., 

2021), and both were observed in our study, confirming the "win-win" status of some biochar 

feedstocks. The present research has advanced our understanding of the effects that feedstock 

biomass could have on the biochar capacity to mitigate N2O emissions. Overall, the biochar 

application to soil of all treatments was able to reduce N2O emissions caused by N fertilizer 

applied, while the wood-derived biochars showed greater C storage in the soil. Hence, the 

significant interaction between the feedstock material and N2O emissions indicates that this 

parameter could be considered as a possible predictor of GHG response under tropical 

environments in future studies. However, it is important to highlight that the production cost 

associated with biochar production can limit its adoption on a larger scale (Maroušek et al., 2019), 

so the need to develop strategies for more efficient biochar production is crucial to enhance the 

chances of adoption. Thus, our results regarding the different feedstock materials available on a 

larger scale in Brazil and their effects on the soil-plant-atmosphere system can help predict its use 

and production benefits, encouraging future sustainable strategies that aim to incorporate this 

practice as a nature-based solution.   
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3.5. Conclusions 

Our findings suggest that biochar usage as a soil amendment reduced N2O emissions, 

and some feedstock materials increased soil C sequestration. Both sugarcane residues biomasses 

(straw and bagasse) are considered feasible feedstocks, resulting in biochar capable of decreasing 

N2O fluxes. Our hypothesis was partially confirmed, as eucalyptus-biochar expressed a lower 

capacity to reduce the amount of N2O emitted from the soil than sugarcane straw biochar. 

However, pine-derived biochar exhibited a similar interaction with N2O as the straw and bagasse 

biochar. Thus, among the available biomasses evaluated, using eucalyptus biochar is the least 

recommended option if the final objective of the practice is the suppression of N2O fluxes. In a 

scenario where forest residues are explored for biochar production, pine residue is a viable option 

to decrease N2O emissions to levels similar to herbaceous sources while promoting a high C 

input and soil C storage compared to other feedstocks. Furthermore, the feedstock material 

influenced the final chemical composition and C forms found on the biochar surface, where 

forestry residue biochar had a higher C content than sugarcane residues. Hence, the significant 

interaction between the feedstock material and N2O emissions indicates that this parameter could 

be considered a possible predictor of GHG response under tropical environments in future 

studies.  
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Supplementary information 

Table S5: Analysis of variance (ANOVA) from the data of high resolution carbon (HRC) and high resolution oxygen (HRO) images, obtained by x-ray photoelectron spectroscopy (XPS). 

ANOVA 

Survey Relative Abundance (%) 

Source of 
variation 

DF 
Residual 

DF 
C O 

   
F-value p-value F-value p-value 

Treatment 3 8 32.8 <0.001 9.1 <0.01 

Source of 
variation 

DF 
Residual 

DF 
Si N Others 

   
F-value p-value F-value p-value F-value p-value 

Treatment 1 4 4.37 0.1 188.6 <0.001 30.2 <0.01 

High Resolution Carbon (HRC) 

Source of 
variation 

DF 
Residual 

DF 
C−C/C=C C−O C=O O-C=O 

   
F-value p-value F-value p-value F-value p-value F-value p-value 

Treatment 3 8 9.17 <0.05 7.4 <0.01 11.7 <0.01 10.2 <0.01 

DF: Degrees of freedom. 
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Table S6. Repeated-measures analysis of variance (MANOVA) and analysis of variance (ANOVA), as a response to treatments and time, measured in days after fertilizer application (DAF) (n=4). 

ANOVA 

Source of 
variation 

DF 
Residual 

DF 
Cumulative N2O 

N2O Emission 
Intensity 

Aboveground 
Biomass 

Belowground 
Biomass 

Total C Total N C/N Ratio 

   
F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value 

Treatment 4 20 27.71 <.0001 21.19 <.0001 1.44 0.257 2.80 <.05 5.29 <0.005 8.53 <.0005 6.37 <.005 

MANOVA 

Source of variation DF 
Residual 

DF 
N-NO3

- N-NH4
+ 

 
  

F-value p-value F-value p-value 

Treatment 4 15 22,5 <.0001 2,2 0,124 

DAF 4 60 152,4 <.0001 170,2 <.0001 

Treatment x DAF 4 60 18,6 <.0001 16,2 <.0001 

DF: Degrees of freedom; DAF: Days after fertilizer application. 
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Table S7. Soil total N. and C/N ratio in response to soil only (CTR). N fertilizer addition alone (NF). or combined with biochar 

produced from sugarcane straw (NF+SB). sugarcane bagasse (NF+BB). pine (NF+PB) and eucalyptus (NF+EB). Data 

(mean ± SE. n=4) followed by different letters denote significant differences between treatments at Tukey's test (p < 0.05). 

Treatment 
N 

C/N ratio 
g kg-1 

CTR 0.83 ± 0.05   c 14.2 ± 0.51 a 

NF 1.24 ± 0.06 bc 8.96 ± 0.50 b 

NF+SB 1.70 ± 0.19 ab 10.0 ± 0.66 b 

NF+BB 1.70 ± 0.11 ab 8.64 ±0.87 b 

NF+PB 1.58 ± 0.20 ab 12.2 ±1.35 a 

NF+EB 1.82 ± 0.02 a 9.99 ±0.82 b 

 

 

 


