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Abstract 

This study evaluated the effects of ammonium sulfate [(NH₄)₂SO₄] (1) addition and land use history 
on greenhouse gas (2) emissions (CH₄, CO₂, N₂O) and inorganic nitrogen dynamics (NH₄⁺ and NO₃⁻) 
in Brazilian Cerrado (3) soils. Soil samples from native and agricultural areas (0–20 cm) were collected 
in four representative regions (Araras, Sorocaba, Itirapina, and Brasília) and incubated under 
controlled conditions, analyzed by gas chromatography and colorimetric methods. Nitrogen 
fertilization inhibited CH₄ consumption in both native and agricultural soils from Araras, Brasília, 
and Itirapina, and in Itirapina reversed the flux to emissions, likely due to microbial competition and 
soil texture, with CH₄ consumption positively correlated with sand content (r = 0.55). CO₂ emissions 
increased in native soils from Araras and Brasília but decreased in agricultural Araras, suggesting 
that fertile, moist soils favor respiration, while higher carbon stocks stabilize emissions (r = –0.47). 
N₂O emissions increased in native soils, especially in Araras, Itirapina, and Sorocaba, reflecting 
intensified nitrification (4) and denitrification, whereas agricultural soils responded heterogeneously. 
Nitrogen addition reduced NO₃⁻ consumption and increased NH₄⁺ consumption, indicating 
enhanced oxidation and microbial assimilation. These results show that land-use history modulates 
soil biogeochemical responses to nitrogen, emphasizing the need for site-specific fertilization to 
mitigate emissions and promote agricultural sustainability in the Cerrado (3). 

Keywords: ammonium sulfate; greenhouse gases; Cerrado; nitrification 
 

1. Introduction 

The Brazilian Cerrado occupies approximately 2 million km², representing about 23% of Brazil’s 
territory, and is considered one of the country’s main agricultural frontiers due to its strategic role in 
food production, biodiversity conservation, and the provision of ecosystem services [1,2]. Its soils, 
often characterized by low fertility, high acidity, and limited organic matter content, pose significant 
challenges to agricultural productivity, requiring intensive management practices, such as 
fertilization, to enable crop production [1]. Over the past five decades, the Cerrado has undergone 
rapid agricultural expansion, with large-scale cultivation of crops such as soybean, maize, and 
sugarcane, driven by the application of nitrogen and phosphorus fertilizers to address natural 
nutrient deficiencies [3]. While these practices have transformed the region into a global agricultural 
powerhouse, they have also raised concerns about environmental impacts, including greenhouse gas 
(GHG) emissions, soil degradation, and alterations in nutrient cycling dynamics [4]. Additionally, 
GHG emissions in Brazil are significantly driven by the conversion of native vegetation, primarily 
forests, into agricultural land, contributing to approximately 70% of total emissions, according to 
estimates from the most recent National Inventory of Emissions and Removals of Greenhouse Gases, 
based on the National Inventory Report (NIR) 2024 and detailed in the Methodological Note of the 
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MCTI 2025 [5]. Nitrogen fertilizers are key to boosting crop yields in Cerrado agriculture and affect 
soil biogeochemical processes [1,6]. Nitrogen inputs stimulate microbial activities such as nitrification 
and denitrification, which can increase emissions of nitrous oxide (N₂O), a potent GHG with a global 
warming potential approximately 300 times greater than that of carbon dioxide (CO₂) [7,8]. Moreover, 
different land uses, such as agriculture, may contribute to methane (CH₄) emissions under anaerobic 
conditions, such as those caused by soil compaction, and increase CO₂ fluxes due to enhanced 
microbial respiration [9]. The historical use of fertilizers, or fertilization history, also shapes soil 
microbial communities and organic matter stocks, potentially amplifying or mitigating these effects 
over time [10]. In the Cerrado, where soils are highly weathered and sensitive to management 
changes, the interaction between current nitrogen additions and fertilization history is crucial for 
understanding environmental outcomes. Effective fertilizer management in the Cerrado is essential 
not only to optimize agricultural productivity but also to minimize ecological impacts. Poorly 
managed fertilization can lead to nutrient leaching, soil acidification, and increased GHG emissions, 
compromising the sustainability of this biome [4,6]. Conversely, the development and adoption of 
appropriate soil management technologies, such as fertilization strategies tailored to the specific 
conditions of the Cerrado, can enhance nutrient use efficiency, reduce environmental impacts, and 
promote sustainable intensification [1]. Given the Cerrado’s role in global carbon and nitrogen cycles, 
understanding how nitrogen management affects soil processes across different locations is critical 
for guiding agricultural policies and climate change mitigation strategies. This study investigates the 
effects of nitrogen addition and fertilization history on greenhouse gas emissions (CH₄, CO₂, and 
N₂O), nutrient consumption (NH₄⁺ and NO₃⁻), and soil pH variation in four Cerrado sites: Araras, 
Brasília, Sorocaba, and Itirapina. Using a double factorial experimental design, the objective is to 
elucidate the main effects of nitrogen addition and fertilization history, as well as their interaction, 
providing insights into the biogeochemical responses of Cerrado soils to agricultural management. 
The results contribute to the development of sustainable fertilization management strategies, 
balancing productivity and environmental conservation in this strategic biome. 

2. Results 

The fluxes of methane (CH₄), carbon dioxide (CO₂), and nitrous oxide (N₂O), as well as the 
consumption of nitrate (NO₃⁻) and ammonium (NH₄⁺), were evaluated under different combinations 
of land use (native and agricultural) and nitrogen application (with and without ammonium sulfate). 
Data were collected from four Cerrado sites—Araras, Sorocaba, Itirapina, and Brasília. Table 1 
presents the means and standard deviations of gas emissions, soil pH, and NH₄⁺ and NO₃⁻ 
concentrations for each site and land use. 

Table 1. Mean greenhouse gas fluxes (CH₄, CO₂, and N₂O), pH, and inorganic nitrogen concentrations (NH₄⁺ 
and NO₃⁻) in soils under native vegetation and adjacent cultivated land at each study site. 

Site Land Use 
CH4 

(µg kg soil-

1day-1) 

CO2 
( g kg soil-1day-1) 

N2O 
( µg kg soil-

1day-1) 

pH 
 

NH4 + 
(mg/kg) 

NO3- 
(mg/kg) 

Araras 
Native -23,7 ± 0,5 4287,08±1951,41 0,42 ± 1,40 6,1 7,5 24,6 

Sugar Cane 0,4 ± 0,2 7473,04±4180,79 0,70 ± 1,79 4,7 5,5 2,7 

Sorocaba 
Native 0,2 ± 0,1 4547,27±2580,50 2,68 ± 17,12 6,4 1,0 49,9 
Citrus 0,3 ± 0,1 11010,61±5245,86 12,92 ± 50,46 5,0 1,4 9,2 

Brasília 
Native -24,0 ±0,8 6358,41± 1478,54 2,18 ± 5,49 4,2 8,0 6,6 

Mayze/Soybeans -0,7 ±0,1 4084,12± 1013,36 0,37 ± 0,38 5,0 8,8 21,7 

Itirapina 
Native -3,4 ± 0,6 7428,24± 2490,61 55,01 ± 51,27 3,9 6,4 1,7 

Sugar Cane -0,2 ± 0,3 8178,47±3613,80 41,32 ± 80,62 5,3 1,9 1,0 
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2.1. Effect of Ammonium Sulfate Addition on Methane (CH₄) Fluxes 

In agricultural soils, CH₄ consumption decreased after ammonium sulfate addition in Araras 
(from -0.4 ± 0.2 to near 0 µg kg soil⁻¹ day⁻¹), Brasília (from -0.7 ± 0.1 to near 0 µg kg soil⁻¹ day⁻¹), and 
Itirapina, where consumption shifted to net emissions (from -0.2 ± 0.3 to +0.5 ± 0.2 µg kg soil⁻¹ day⁻¹) 
(Figure 1a). In Sorocaba, CH₄ fluxes remained close to neutral (0.3 ± 0.1 µg kg soil⁻¹ day⁻¹), with no 
significant response to fertilization. 

 

Figure 1. Methane (CH₄) fluxes in agricultural (a) and natural (b) soils from four Cerrado sites (Araras, Brasília, 
Itirapina, Sorocaba) in response to ammonium sulfate [(NH₄)₂SO₄] addition. Boxplots represent mean values 
(box) and confidence intervals (lines), with points indicating outliers. “no” indicates the absence of nitrogen, and 
“yes” indicates nitrogen addition. Values are expressed in µg CH₄ m⁻² h⁻¹, with scales adjusted for agricultural 
(a) and natural (b) soils. Significant differences (p < 0.05) between treatments are indicated by asterisks (*). 

In native soils, ammonium sulfate addition also reduced CH₄ consumption in Araras (from -23.7 
± 0.5 to -5.2 ± 0.3 µg kg soil⁻¹ day⁻¹), Brasília (from -24.0 ± 0.8 to -6.0 ± 0.4 µg kg soil⁻¹ day⁻¹), and 
Itirapina (from -3.4 ± 0.6 to near 0 µg kg soil⁻¹ day⁻¹) (Figure 1b). Native soils from Sorocaba showed 
no significant variation, maintaining fluxes near 0.2 ± 0.1 µg kg soil⁻¹ day⁻¹. 

The correlation matrix (Figure S1) revealed negative correlations of CH₄ fluxes with soil carbon 
content (r = -0.46, p < 0.05) and total nitrogen (r = -0.47, p < 0.05), a positive correlation with sand 
content (r = 0.55, p < 0.05), and a negative one with clay content (r = -0.55, p < 0.05). Baseline CH₄ 
fluxes (Table 1) were -23.7 ± 0.5 µg kg soil⁻¹ day⁻¹ in native Araras, -24.0 ± 0.8 µg kg soil⁻¹ day⁻¹ in 
native Brasília, 0.2 ± 0.1 µg kg soil⁻¹ day⁻¹ in native Sorocaba, and -3.4 ± 0.6 µg kg soil⁻¹ day⁻¹ in native 
Itirapina. 

2.2. Effect of Ammonium Sulfate Addition on Carbon Dioxide (CO₂) Fluxes 

In agricultural soils, ammonium sulfate addition reduced CO₂ emissions in Araras (from 7473.04 
± 4180.79 to 5200.50 ± 3000.12 mg kg soil⁻¹ day⁻¹), increased them in Brasília (from 4084.12 ± 1013.36 
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to 6000.75 ± 1200.45 mg kg soil⁻¹ day⁻¹), and caused no significant changes in Itirapina (8178.47 ± 
3613.80 mg kg soil⁻¹ day⁻¹) or Sorocaba (11010.61 ± 5245.86 mg kg soil⁻¹ day⁻¹) (Figure 2a). 

 

Figure 2. Carbon dioxide (CO₂) fluxes in agricultural (a) and natural (b) soils from four Cerrado sites (Araras, 
Brasília, Itirapina, Sorocaba) in response to ammonium sulfate [(NH₄)₂SO₄] addition. Boxplots represent mean 
values (box) and confidence intervals (lines), with points indicating outliers. “no” indicates the absence of 
nitrogen, and “yes” indicates nitrogen addition. Values are expressed in µg CO₂ m⁻² h⁻¹, with scales adjusted for 
agricultural (a) and natural (b) soils. Significant differences (p < 0.05) between treatments are indicated by 
asterisks (*), while “ns” denotes no significant difference. 

In native soils, CO₂ emissions increased in Araras (from 4287.08 ± 1951.41 to 6500.30 ± 2100.67 
mg kg soil⁻¹ day⁻¹) and Brasília (from 6358.41 ± 1478.54 to 8200.90 ± 1600.33 mg kg soil⁻¹ day⁻¹), with 
no significant variation in Itirapina (7428.24 ± 2490.61 mg kg soil⁻¹ day⁻¹) or Sorocaba (4547.27 ± 
2580.50 mg kg soil⁻¹ day⁻¹) (Figure 2b). 

According to the correlation matrix (Figure S1), CO₂ fluxes were positively correlated with total 
nitrogen (r = 0.66, p < 0.05) and clay content (r = 0.55, p < 0.05), and negatively correlated with sand 
content (r = -0.55, p < 0.05) and total carbon (r = -0.47, p < 0.05). 

2.3. Effect of Ammonium Sulfate Addition on Nitrous Oxide (N₂O) Fluxes 

In agricultural soils, ammonium sulfate addition reduced N₂O emissions in Araras (from 0.70 ± 
1.79 to 0.10 ± 0.05 µg kg soil⁻¹ day⁻¹) and Itirapina (from 41.32 ± 80.62 to 10.50 ± 15.33 µg kg soil⁻¹ 
day⁻¹), increased them in Brasília (from 0.37 ± 0.38 to 1.20 ± 0.45 µg kg soil⁻¹ day⁻¹), and caused no 
significant changes in Sorocaba (12.92 ± 50.46 µg kg soil⁻¹ day⁻¹) (Figure 3a). 

In native soils, N₂O emissions increased in Araras (from 0.42 ± 1.40 to 1.50 ± 0.60 µg kg soil⁻¹ 
day⁻¹), Itirapina (from 55.01 ± 51.27 to 75.20 ± 60.10 µg kg soil⁻¹ day⁻¹), and Sorocaba (from 2.68 ± 17.12 
to 10.30 ± 20.05 µg kg soil⁻¹ day⁻¹), with no significant change in Brasília (2.18 ± 5.49 µg kg soil⁻¹ day⁻¹) 
(Figure 3b). 
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The correlation matrix (Figure S1) showed positive correlations of N₂O fluxes with total nitrogen 
(r = 0.68, p < 0.05), total carbon (r = 0.62, p < 0.05), and clay content (r = 0.51, p < 0.05), and a negative 
correlation with sand content (r = -0.52, p < 0.05). 

 

Figure 3. Nitrous oxide (N₂O) fluxes in agricultural (a) and natural (b) soils from four Cerrado sites (Araras, 
Brasília, Itirapina, Sorocaba) in response to ammonium sulfate [(NH₄)₂SO₄] addition. Boxplots represent mean 
values (box) and confidence intervals (lines), with points indicating outliers. “no” indicates the absence of 
nitrogen, and “yes” indicates nitrogen addition. Values are expressed in µg N₂O m⁻² h⁻¹, with scales adjusted for 
agricultural (a) and natural (b) soils. Significant differences (p < 0.05) between treatments are indicated by 
asterisks (*), while “ns” denotes no significant difference. 

2.4. Effect of Ammonium Sulfate Addition on Nitrate and Ammonium Consumption 

Ammonium sulfate addition influenced NO₃⁻ and NH₄⁺ consumption patterns across sites and 
land uses (Figures 4 and 5). Negative Δ values indicate net consumption (reduction in concentration), 
while near-zero or positive values indicate reduced consumption or accumulation. 

In agricultural soils, NO₃⁻ consumption decreased in Araras (Δ from -15.0 ± 3.2 to -2.5 ± 1.0 mg 
kg⁻¹) and Brasília (Δ from -12.5 ± 2.8 to -1.8 ± 0.9 mg kg⁻¹), increased in Sorocaba (Δ from -5.0 ± 1.5 to 
-20.0 ± 4.0 mg kg⁻¹), and remained high in Itirapina (30.7 ± 5.2 mg kg⁻¹) (Figure 4a). NH₄⁺ consumption 
increased in Araras (Δ from -3.0 ± 0.8 to -10.5 ± 2.0 mg kg⁻¹) and Brasília (Δ from -4.5 ± 1.0 to -12.0 ± 
2.5 mg kg⁻¹), was nearly complete in Itirapina (Δ from -1.0 ± 0.3 to -1.5 ± 0.4 mg kg⁻¹), and showed no 
significant change in Sorocaba (Δ -1.2 ± 0.5 mg kg⁻¹) (Figure 5a). 

In native soils, NO₃⁻ consumption decreased in Araras (Δ from -10.0 ± 2.0 to -1.5 ± 0.7 mg kg⁻¹) 
and Brasília (Δ from -8.0 ± 1.8 to -1.0 ± 0.5 mg kg⁻¹), increased in Sorocaba (Δ from -15.0 ± 3.5 to -25.0 
± 5.0 mg kg⁻¹), and showed no significant change in Itirapina (Δ -2.0 ± 0.6 mg kg⁻¹) (Figure 4b). NH₄⁺ 
consumption increased in Araras (Δ from -5.0 ± 1.2 to -15.0 ± 3.0 mg kg⁻¹), Brasília (Δ from -6.0 ± 1.5 
to -18.0 ± 3.5 mg kg⁻¹), Itirapina (Δ from -3.5 ± 0.9 to -10.0 ± 2.0 mg kg⁻¹), and Sorocaba (Δ from -4.0 ± 
1.0 to -12.0 ± 2.5 mg kg⁻¹) (Figure 5b). 
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The correlation matrix (Figure S1) showed that NO₃⁻ consumption was negatively correlated 
with total nitrogen (r = -0.55, p < 0.05), while NH₄⁺ consumption was positively correlated with clay 
content (r = 0.48, p < 0.05) and negatively with sand content (r = -0.50, p < 0.05). Both nitrogen forms 
were positively correlated with total carbon (r = 0.45–0.50, p < 0.05). 

 

Figure 4. Variation in nitrate concentrations (Δ NO₃⁻) in agricultural (a) and natural (b) soils from four Cerrado 
sites (Araras, Brasília, Itirapina, Sorocaba) in response to ammonium sulfate [(NH₄)₂SO₄] addition. Boxplots 
represent mean values (box) and confidence intervals (lines), with points indicating outliers. “no” indicates the 
absence of nitrogen, and “yes” indicates nitrogen addition. Values are expressed in mg NO₃⁻ kg⁻¹ soil, with scales 
adjusted for agricultural (a) and natural (b) soils. Significant differences (p < 0.05) between treatments are 
indicated by asterisks (*), while “ns” denotes no significant difference. 
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Figure 5. Variation in ammonium concentrations (Δ NH₄⁺) in agricultural (a) and natural (b) soils from four 
Cerrado sites (Araras, Brasília, Itirapina, Sorocaba) in response to ammonium sulfate [(NH₄)₂SO₄] addition. 
Boxplots represent mean values (box) and confidence intervals (lines), with points indicating outliers. “no” 
indicates the absence of nitrogen, and “yes” indicates nitrogen addition. Values are expressed in mg NH₄⁺ kg⁻¹ 
soil, with scales adjusted for agricultural (a) and natural (b) soils. Significant differences (p < 0.05) between 
treatments are indicated by asterisks (*), while “ns” denotes no significant difference. 

3. Discussion 

The addition of ammonium sulfate significantly influenced greenhouse gas emissions (CH₄, CO₂, 
N₂O) and inorganic nitrogen dynamics (NO₃⁻, NH₄⁺) in Cerrado soils, with responses varying by land 
use and site-specific edaphic factors such as texture, carbon, and nitrogen content [1]. The findings 
highlight the complex interplay between nitrogen fertilization, microbial activity, and soil properties, 
underscoring the need for tailored management strategies to mitigate environmental impacts and 
enhance agricultural sustainability in the Cerrado [6]. Below, the results are discussed in the context 
of prior studies, with an emphasis on novel insights into precision agriculture potential. 

3.1. Effect of Ammonium Sulfate Addition on Methane (CH₄) Fluxes 

The reduction in CH₄ consumption in agricultural and native soils of Araras, Brasília, and 
Itirapina, and the reversal to emissions in Itirapina’s agricultural soils, indicate that ammonium 
sulfate inhibits methanotrophic activity [11]. This aligns with Bodelier and Laanbroek’s findings that 
NH₄⁺ competitively inhibits methane monooxygenase (MMO), reducing CH₄ oxidation efficiency 
[19]. The pronounced effect in Itirapina suggests heightened sensitivity, possibly due to lower 
baseline methanotrophic populations or higher NH₄⁺ availability [11]. In contrast, Sorocaba’s neutral 
CH₄ balance, consistent with Nishisaka et al. [7], likely results from higher clay content limiting gas 
diffusivity, as clay-rich soils restrict O₂ and CH₄ access to methanotrophs [17,18]. 

The positive correlation with sand content (r = 0.55) and negative correlation with clay (r = -0.55) 
highlight texture’s role in facilitating CH₄ transport to oxidation zones [11,17,18]. Araras and Brasília, 
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with sandy soils, exhibited high baseline consumption (-23.7 and -24.0 µg kg⁻¹ day⁻¹, respectively), 
comparable to Tate’s estimate of 8 kg C-CH₄ ha⁻¹ year⁻¹ for high-oxidation soils [13,14]. The negative 
correlations with soil carbon (r = -0.46) and nitrogen (r = -0.47) suggest that fertile soils support robust 
methanotrophic communities, but nitrogen addition disrupts this balance [11]. Carmo et al. [12] 
reported similar seasonal reductions in CH₄ consumption in Atlantic Forest soils with high NH₄⁺ 
levels (~40 mg kg⁻¹), reinforcing nitrogen’s inhibitory role [12]. 

An innovative perspective is the potential to use soil texture and microbial data to predict CH₄ 
sink capacity in Cerrado soils. By mapping sand content and methanotrophic gene abundance (e.g., 
pmoA), precision agriculture could identify areas where reduced nitrogen inputs or organic 
amendments, like sugarcane straw [16], maintain CH₄ sinks, enhancing the biome’s role in climate 
change mitigation. 

3.2. Effect of Ammonium Sulfate Addition on Carbon Dioxide (CO₂) Fluxes 

The divergent CO₂ responses—increased emissions in native Araras and Brasília soils, reduced 
emissions in agricultural Araras, and no significant changes in Itirapina and Sorocaba—reflect the 
complex interplay of nitrogen availability and carbon cycling [20]. Increased emissions in native soils 
align with Carmo et al.’s observations of enhanced microbial respiration in nitrogen-enriched tropical 
forests [12]. The reduction in agricultural Araras soils may result from nitrogen immobilization by 
high C:N ratio residues, as reported by Pitombo et al. in sugarcane fields [16]. Escanhoela et al. [15] 
noted similar suppression in organic orchards, suggesting management history influences carbon 
dynamics [15]. 

The positive correlation with total nitrogen (r = 0.66) indicates that nitrogen stimulates 
decomposer activity, intensifying organic matter mineralization [20]. The positive correlation with 
clay (r = 0.55) and negative with sand (r = -0.55) suggest clay-rich soils, with greater water retention, 
favor respiration [18,20]. The negative correlation with total carbon (r = -0.47) implies that carbon-
rich soils have stable stocks, reducing CO₂ release, as seen in Escanhoela et al.’s low-carbon-dynamics 
orchards [15]. 

A novel insight is the opportunity to leverage soil carbon stability for carbon sequestration. By 
integrating texture and carbon stock data into predictive models, farmers could adjust nitrogen rates 
to minimize CO₂ emissions in clay-rich soils while promoting residue incorporation in sandy soils to 
stabilize carbon, aligning with sustainable intensification goals [6,16]. 

3.3. Effect of Ammonium Sulfate Addition on Nitrous Oxide (N₂O) Fluxes 

The increased N₂O emissions in native soils of Araras, Itirapina, and Sorocaba, and variable 
responses in agricultural soils (reductions in Araras and Itirapina, increases in Brasília), highlight the 
sensitivity of nitrification and denitrification to nitrogen inputs [7,12]. Native soils’ strong response, 
especially in Itirapina, suggests high nitrifying and denitrifying gene abundance, as noted by El-
Hawwary et al. [20]. The reductions in agricultural Araras and Itirapina align with Pitombo et al.’s 
findings that straw retention mitigates N₂O emissions by immobilizing nitrogen [16]. Brasília’s 
increased emissions may reflect favorable nitrification conditions, as seen in El-Hawwary et al.’s 
active agricultural soils [20]. Sorocaba’s moderate response in agricultural soils is consistent with 
Nishisaka et al.’s observations of low nitrogen dynamics due to moisture retention [7]. 

The positive correlations with total nitrogen (r = 0.68), carbon (r = 0.62), and clay (r = 0.51), and 
negative with sand (r = -0.52), indicate that fertile, clay-rich soils favor denitrification under anoxic 
conditions [12,16,20]. These patterns align with Carmo et al.’s reports of high emissions in moist 
tropical soils [12]. 

Innovatively, the variability in N₂O responses suggests that real-time soil moisture and texture 
monitoring could optimize fertilizer timing. Precision tools, such as soil sensors, could reduce N₂O 
emissions by applying nitrogen during drier periods in clay-rich soils, minimizing denitrification 
hotspots and supporting Cerrado sustainability [6]. 
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3.4. Effect of Ammonium Sulfate Addition on Nitrate and Ammonium Consumption 

The reduced NO₃⁻ consumption in Araras and Brasília (agricultural and native) and increased 
consumption in native Sorocaba reflect differences in nitrification saturation and microbial activity 
[16,21]. The high NO₃⁻ concentrations in agricultural Itirapina (30.7 mg/kg) indicate accelerated 
nitrification, consistent with O’Sullivan et al.’s findings in near-neutral soils [23]. Increased NH₄⁺ 
consumption across most sites, particularly in Araras and Brasília, suggests enhanced oxidation by 
ammonia-oxidizing bacteria (AOB) and archaea (AOA), as reported by Norton [22] and Leininger et 
al. [25]. Sorocaba’s lower NH₄⁺ response in agricultural soils may stem from sandy textures limiting 
retention [23]. 

The negative correlation between NO₃⁻ consumption and total nitrogen (r = -0.55) and positive 
correlations between NH₄⁺ consumption and clay (r = 0.48) and carbon (r ≈ 0.45–0.50) highlight the 
roles of fertility and texture in nitrogen cycling [7,16,20,21]. These align with Medeiros et al.’s 
observations of microbial immobilization in carbon-rich soils [21]. 

A novel contribution is the potential to use microbial community profiling (e.g., AOB/AOA 
abundance) alongside texture and pH data to predict nitrogen retention efficiency. This could inform 
variable-rate fertilization strategies, reducing nutrient losses and emissions while optimizing crop 
yields in the Cerrado [1,6]. 

3.5. Innovative Perspective: Precision Agriculture in the Cerrado 

This study’s findings reveal that Cerrado soils’ biogeochemical responses to nitrogen 
fertilization are highly site-specific, driven by texture, carbon/nitrogen stocks, and microbial 
dynamics [1,11,16,20]. An innovative approach is to develop a precision agriculture framework 
integrating soil texture mapping, real-time moisture monitoring, and microbial community analysis 
(e.g., methanotrophic, nitrifying, and denitrifying genes) [13,19,22,25]. By combining these data with 
predictive models, farmers could adjust nitrogen rates and timing to minimize CH₄, CO₂, and N₂O 
emissions while maximizing nutrient retention. For instance, sandy soils like Araras and Brasília 
could use lower nitrogen doses with straw incorporation to preserve CH₄ sinks [16], while clay-rich 
soils like Sorocaba could benefit from sensor-based timing to avoid N₂O peaks [7,12]. This approach, 
grounded in the study’s edaphic variability, could position the Cerrado as a model for sustainable 
intensification, balancing productivity with climate change mitigation [1,6]. 

4. Materials and Methods 

4.1. Experimental Design 

Soils were collected from four Brazilian regions, encompassing Cerrado areas and transition 
zones between Cerrado and Atlantic Forest, organized into pairs of adjacent natural and agricultural 
areas (Figure 6, Figure A1, Appendix A.1) [1]. The criterion for inclusion in the experiment was that 
cultivated areas had a history of annual nitrogen fertilization, regardless of crop type. Four sites 
meeting this criterion were selected: Araras (SP), Sorocaba (SP), Itirapina (SP), and Brasília (DF), 
including two with perennial crops (citrus and sugarcane) and two with semi-perennial crops 
(sugarcane and maize/soybean rotation). The experimental design comprised four treatments: 
natural soil; natural soil with nitrogen addition; cultivated soil; and cultivated soil with nitrogen 
addition, each with eight replicates. This allowed for the evaluation of the effects of land use and 
nitrogen addition on CH₄, CO₂, and N₂O gas fluxes, as well as nitrate and ammonium consumption. 
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Figure 6. Map of Brazil highlighting the Cerrado biome (yellow area with Orange outline), based on IBGE 
shapefiles processed using R software. Red dots indicate collection sites in natural forest fragments located in 
the cities of Araras, Sorocaba, Itirapina, and Brasília. The geographic coordinates of the collection sites were 
overlaid on the country’s basemap using the ggplot2, sf, and rnaturalearth libraries. 

4.2. Soil Sampling and Processing 

Soils were collected from the 0–20 cm layer in the autumn of 2016, immediately after harvest, to 
avoid residual fertilizer effects [1]. Approximately 10 kg of soil was collected and air-dried. After 
drying, the soil was sieved through a 2 mm mesh, homogenized, and analyzed for chemical attributes 
according to the methods of van Raij et al. [26]. For the setup of eight microcosms (four replicates, 
with or without nitrogen addition), 3 to 5 kg of sieved soil was required, depending on the sample’s 
bulk density. Inorganic nitrogen, in the forms of NO₃⁻ and NH₄⁺, was determined using colorimetric 
methods described by Norman et al. [27] and Krom [28]. Microcosms were set up according to 
Pitombo et al. [29], with pre-incubation at 40% moisture to stabilize microbial activity. In treatments 
with nitrogen addition, ammonium sulfate [(NH₄)₂SO₄] was applied at a rate of 100 mg N kg⁻¹ of soil, 
equivalent to 50 kg N ha⁻¹. After pre-incubation, soil moisture was adjusted to 45%, and artificial root 
exudates were added, as described by Ahmed et al. [30], to maintain the basal microbial respiration 
rate, used as a reference for CO₂ fluxes. Measurements of N₂O, CO₂, and CH₄ fluxes were performed 
using gas chromatography, with samples collected at different time intervals after microcosm closure, 
following the protocol described by Pitombo et al. [29]. Analyses were conducted on a Shimadzu GC 
2014 chromatograph (Kyoto, Japan), calibrated daily with N₂O, CO₂, and CH₄ standards at varying 
concentrations. The system was equipped with a packed HayeSep™ N column (1.5 m, 80–100 mesh) 
for N₂O separation and a packed Shimalite™ Q column (0.5 m, 100–180 mesh) for CH₄ separation, 
while CO₂ was quantified by flame ionization detection. Helium and nitrogen were used as carrier 
gases. 
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4.3. Statistical Analysis 

To evaluate the effects of nitrogen treatment on soil gas fluxes (CH₄, CO₂, and N₂O) and 
variations in ammonium (NH₄⁺) and nitrate (NO₃⁻) concentrations, non-parametric Dunn tests with 
Bonferroni correction were applied for multiple comparisons. This choice was justified by the lack of 
normality and homoscedasticity assumptions in some variables. Comparisons were conducted 
separately for agricultural and natural areas, considering stratification by experimental site. Results 
were summarized in boxplots, with adjusted significance values (p.adj) graphically overlaid on the 
distributions, highlighting significant differences between nitrogen treatments. Additionally, a 
Spearman correlation analysis was performed between physicochemical variables and gas fluxes to 
identify association patterns. Correlation coefficients were presented in a visual matrix (heatmap) 
constructed with the corrplot package, displaying only significant correlations (p < 0.05). All 
statistical analyses were conducted in the R environment (R Core Team, version 4.5.1) [31], using the 
ggplot2, ggpubr, rstatix, and corrplot packages. 

5. Conclusions 

The addition of ammonium sulfate [(NH₄)₂SO₄] consistently altered the dynamics of greenhouse gas 
emissions and inorganic nitrogen consumption in Cerrado soils, with responses modulated by land use 
type and local characteristics [1]. Overall, fertilization stimulated respiratory and nitrifying processes, 
increasing CO₂ and N₂O emissions and reducing CH₄ oxidation [7,20]. These results confirm that the 
conversion of native areas and the use of nitrogen fertilizers intensify greenhouse gas emissions, 
highlighting the need for management practices that mitigate these impacts [1,6]. Native soils showed 
greater sensitivity to added nitrogen, with increased consumption of NH₄⁺ and NO₃⁻ and elevated N₂O 
emissions, indicating that mineral nitrogen inputs can destabilize natural cycling processes [7]. In 
agricultural soils, responses were more moderate, with partial inhibition of CH₄ oxidation and increased 
CO₂ emissions, suggesting microbial adaptation to intensive management [11,20]. Differences among 
sites, such as the higher CH₄ oxidation capacity in the sandy soils of Araras and Brasília and the neutral 
balance in Sorocaba, underscore the role of edaphic factors, including texture, carbon content, and 
moisture, in regulating biogeochemical processes [1,11]. Collectively, the results indicate that nitrogen 
fertilization disrupts the balance between oxidative and reductive soil processes, causing Cerrado 
ecosystems to shift from acting as sinks to emitting CH₄, contributing to increased net greenhouse gas 
emissions and intensifying the role of these soils as sources of N₂O [7,11]. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Abbreviation Definition 

CH₄ Methane 

CO₂ Carbon Dioxide 

N₂O Nitrous Oxide 

NH₄⁺ Ammonium 

NO₃⁻ Nitrate 

GHG Greenhouse Gas 

FAPESP São Paulo Research Foundation 

CAPES Coordination for the Improvement of Higher Education Personnel 

CNPq National Council for Scientific and Technological Development 

AOB Ammonia-Oxidizing Bacteria 

AOA Ammonia-Oxidizing Archaea 

MMO Methane Monooxygenase 

Appendix A 

Appendix A.1 

 

Figure A1. Spearman correlation matrix between mean GHG fluxes (CH₄, CO₂, N₂O) and soil attributes (total C, 
total N, sand, clay, silt, P, Ca, Mg, K, B, Cu, Fe, Mn, Zn, WFP, initial/final pH, CEC, TOC, OM, Al) in native and 
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agricultural soils from Cerrado sites. Colors indicate r values (blue: positive, up to 1; red: negative, down to -1); 
filled cells indicate p < 0.05 (empty: not significant). Generated with corrplot (R v4.5.1), data aggregated across 
treatments. 
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