
R E S E A R C H Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​​/​c​r​e​a​​t​i​v​e​c​o​​m​m​o​n​​s​.​o​r​g​​/​l​i​c​e​​n​s​
e​s​/​b​​y​-​n​c​​-​n​d​/​4​.​0​/.

Pitombo et al. Discover Soil             (2026) 3:8 
https://doi.org/10.1007/s44378-026-00164-6

*Correspondence:
Janaina Braga do Carmo
jbcarmo@ufscar.br
1Saneamento de Goiás S/A, 
Valparaíso de Goiás, GO  
72874-101, Brazil
2Federal University of São Carlos 
(UFSCar) Sorocaba campus– 
Graduate Program of Planning 
and Use of Renewable Resources, 
Sorocaba, SP 18052-780, Brazil
3Brazilian Agricultural Research 
Corporation, Petrolina,  
PE 52302-970, Brazil
4Federal University of Pelotas, 
Pelotas, RS 96010 020, Brazil
5Center for Engineering, Modeling 
and Applied Social Sciences, 
Federal University of ABC, Santo 
André, SP 09280 560, Brazil
6Federal University of Rio Grande 
do Sul, Porto Alegre, RS  
91540-000, Brazil
7Netherlands Institute of 
Ecology (NIOO-KNAW), 6708 PB, 
Wageningen, Netherlands
8Federal University of São Carlos 
(UFSCar) Sorocaba campus, 
Sorocaba, SP 18052-780, Brazil

Land use change affects soil methane sink 
capacity of Brazilian biomes
Leonardo Machado Pitombo1, Helio Danilo Quevedo2, Diana Signor3, Claudia Fernanda Almeida Teixeira-Gandra4, 
Ricardo Hideo Taniwaki5, Cimélio Bayer6, Paul L. E. Bodelier7 and Janaina Braga do Carmo7,8*

1  Introduction
Atmospheric concentrations of carbon dioxide (CO₂), methane (CH₄) and nitrous oxide 
N₂O have been rising since the 18th century, marking the onset of the industrial era, with 
CH₄ being the most rapidly increasing: from 719 ppb in 1750 to 1895 ppb in 2021 [1, 2]. 
Currently, about 22% of global warming is attributed to atmospheric CH₄ [2]. Soils act 
as the only biological sink for atmospheric CH₄, although this biological sink represents 
only a relatively small fraction of the total global CH₄ sink, accounting for approximately 
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Abstract
Soils are the only biological sink for atmospheric Methane (CH4), making microbial 
methane consumption a dynamic component of the global carbon cycle. However, 
land-use change toward agriculture can inhibit this process, partly due to the 
application of NH₄⁺-based fertilizers. To assess whether this effect contributes 
to reductions in CH₄ uptake following land-use change in Brazilian biomes, we 
incubated soils from natural and cultivated areas across four endangered biomes: 
Caatinga, Cerrado, Pampas, and Atlantic Forest. Among soils exhibiting net CH₄ 
uptake, natural soils oxidized an average of 11.9 µg C kg⁻¹ soil day⁻¹. Ammonium 
sulfate addition reduced CH₄ oxidation by 33% in pristine soils, whereas soils from 
agricultural fields showed no detectable methane uptake. With the exception of 
the Caatinga biome, pristine soils consumed atmospheric CH₄ and harbored higher 
abundances of methanotrophic bacteria compared to managed soils. Our findings 
indicate that nitrogen addition, at levels typical of NH₄⁺-based fertilization, had a 
less pronounced effect on CH₄ uptake than land-use change itself, underscoring the 
importance of conserving natural ecosystems to support the CH₄ cycle. Furthermore, 
soil nutrient availability, particularly micronutrients, emerged as a potential regulator 
of methanotrophy, capable of either stimulating or inhibiting microbial methane 
consumption. In the context of accelerated climate change in the tropics and 
globally, it is imperative to rethink agricultural practices, biomass production 
models, and land-use and fertilization strategies to minimize potential increases in 
greenhouse gas emissions.

Keywords  Caatinga, Cerrado, Atlantic forest, Pampas, Greenhouse gases, 
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31 Tg CH₄ yr⁻¹ uptake [3, 4]. Despite its limited contribution in global terms, the biologi-
cal sink remains relevant because changes in soil CH₄ uptake can reflect shifts in overall 
soil microbial activity, underscoring the importance of understanding the microbial pro-
cesses that regulate CH₄ oxidation.

An important driver of methane-cycling microbes and CH₄ emissions is agricultural 
management and the associated vegetation cover [5]. The conversion of natural ecosys-
tems into agricultural land has been associated with increased CH₄ emissions [5, 6]. CH₄ 
fluxes are determined by the balance between production and oxidation, mediated by 
methanogens under anoxic conditions and methanotrophs under oxic conditions [7]. 
Changes in edaphic conditions and environmental disturbances can also alter the rates 
of CH₄ production and consumption [8].

In Brazil, increasing anthropogenic pressure and the demand for biomass have led 
to the progressive loss of natural areas across biomes such as the Amazon Rainforest, 
Atlantic Forest, Cerrado, Pampas, and Caatinga, which have been converted into agri-
cultural landscapes with intensive use of mineral fertilizers [9–13]. The effects of inor-
ganic nitrogen (e.g., ammonium (NH₄⁺) and nitrate (NO₃⁻)) are known to regulate soil 
CH₄ oxidation through multiple mechanisms [14], and nitrogen addition has been 
shown to negatively affect both bacterial and fungal diversity [15]. The intensity of these 
impacts depends on the specific ecosystem, management practices, soil properties, pH, 
temperature, and the amount of nitrogen applied [15, 16]. Additionally, the toxicity of 
nitrite (NO₂⁻), nitric oxide (NO) end nitrous oxide (N2O), produced during NH₄⁺ oxida-
tion, to methane-oxidizing microbial communities is well established and may further 
suppress CH₄ uptake [17].

Historically, the Atlantic Forest originally covered 150 million hectares, but it has 
undergone massive conversion since the beginning of the industrial era [18]. Other 
biomes are at the agricultural frontier, where advancements in crop breeding and agro-
nomic techniques have made agriculture viable and competitive even under challenging 
climatic and soil conditions [19, 20]. Much of the research and public concern regard-
ing land-use change has focused on the Amazon Rainforest [21], yet other biomes are 
also under significant pressure [19, 20, 22]. For instance, the Cerrado and Caatinga lost 
26.6 and 9.0 million hectares of natural vegetation, respectively, between 1990 and 2010 
[19]. These values represent approximately 14–15% (Cerrado) and 12% (Caatinga) of all 
deforestation recorded nationally during that period, indicating that their contribution 
to total land-cover loss is substantial.

Similar to the Atlantic Forest, the Cerrado is a biodiversity hotspot, originally occu-
pying around 200 million hectares in Brazil [22]. The Caatinga, an exclusively Brazil-
ian biome, covers approximately 73.5 million hectares and is characterized by semiarid 
climate and xerophytic vegetation [23]. Despite its ecological uniqueness and extent, 
the Caatinga has received little scientific attention [24]. The Pampas represent Brazil’s 
subtropical native grasslands, covering about 13.7 million hectares, of which nearly 25% 
had been converted to cropland by the early 21 st century [25]. Assessing the impacts of 
land-use change on ecosystem services is essential to inform policies that balance con-
servation and production in natural and managed landscapes [26].

Among the most uncertain outcomes of converting natural ecosystems into agro-
ecosystems is the net balance of carbon and greenhouse gases. For instance, land-use 
change can enhance soil carbon stocks in well-managed systems, particularly in soils 
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under perennial crops [27, 28]. Conversely, agriculture may reduce soil CH₄ uptake 
capacity [29, 30]. However, the cause–effect relationship between soil management 
and CH₄ cycling remains unclear. Levine et al. (2011), for example, demonstrated a link 
between microbial diversity, agricultural history, and CH₄ uptake [30]. Reduced CH₄ 
uptake in agricultural soils may be due to nitrogen addition, as NH₄⁺ and CH₄ oxidation 
are mediated by the same enzyme, methane monooxygenase (MMO), in methane-oxi-
dizing bacteria (MOB), despite no energy gain from NH₄⁺ oxidation [17]. In fact, NH₄⁺ 
competes with CH₄ for the enzyme active site, potentially inhibiting CH₄ oxidation [17]. 
Intriguingly, Goldman et al. (1995) observed a strong positive correlation between natu-
ral soil NH₄⁺ and CH₄ uptake at NH₄⁺ levels below those typically applied in agricultural 
fields, and no microbial group is currently known to facilitate simultaneous beneficial 
oxidation of both NH₄⁺ and CH₄ [31].

Considering the undergoing changes in the Brazilian biomes, we hypothesize that nat-
ural soils have a higher capacity to oxidize CH₄, but that land-use change, and NH4

+-
based fertilizer application reduce this capacity. To test this hypothesis, we investigated 
soils from four Brazilian biomes using a paired design comparing adjacent natural and 
agricultural sites (Fig. 1). By law, a fraction of the agricultural properties in Brazil is kept 
undisturbed as reserve. Usually, this fraction is distributed in fragments along the crop-
ping area in the property. Therefore, the sampling points for the natural and agricultural 
sites were just few steps away from each other, minimizing the spatial variability of the 

Fig. 1  Distribution of paired natural and adjacent cultivated areas where soils were sampled. Geographic coordi-
nates for each site are provided in the Supplementary Material (Table S1)
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soil. We also applied ammonium sulfate to test the effect of NH₄⁺ addition on CH₄ oxida-
tion. Understanding the impacts of land-use change on CH₄ cycling is crucial for evalu-
ating ecosystem service trade-offs and guiding sustainable management.

2  Methods
2.1  Experimental design

Soils were sampled from four Brazilian biomes, Atlantic Forest, Cerrado, Caatinga, and 
Pampas, in paired natural and adjacent cultivated areas (Fig.  1; Table S1, Supplemen-
tal Material). Regardless of crop type, all cultivated sites included in the study received 
fertilizer at least once per year, as a criterion for inclusion in the experimental design. 
In total, 11 sites met this criterion: three with perennial crops, two with semi-peren-
nial crops (sugarcane), and six with annual or rotational crops. The experimental design 
comprised four treatments: natural soil, natural soil with nitrogen amendment, culti-
vated soil, and cultivated soil with nitrogen amendment. This design allows us to test 
whether land use, nitrogen amendment, or their interaction affects soil CH₄ uptake.

2.2  Soil sampling and processing

Sampling was conducted in autumn 2016, after crop harvest or during crop senescence, 
in order to avoid acute or residual effects of fertilizer application. At each site, compos-
ite samples of approximately 20 kg of soil were collected using hand augers (0–20 cm 
depth). Samples were transported to the laboratory, homogenized, air-dried and sieved 
(2 mm). For chemical analyses, subsamples of approximately 4 kg of soil were used, fol-
lowing the standard requirements of the Agronomic Institute of Campinas protocol 
for routine soil analysis. Soil available P, Ca²⁺, Mg²⁺, Al³⁺, pH, and micronutrients were 
determined following the procedures described by van Raij et al. (2001) [32]. Inorganic 
nitrogen was measured colorimetrically in 2 M KCl extracts, using the methods of Nor-
man et al. (1985) for NO₃⁻ and Krom (1980) for NH₄⁺ [33, 34]. Total soil organic C and N 
were quantified using an elemental analyzer (PerkinElmer CHN 2400, Waltham, USA). 
Soil texture and chemical parameters are presented in the Supplementary Material 
(Table S2).

Microcosms (n = 4 per treatment) for gas measurements were assembled as described 
by Pitombo et al. (2018) and maintained in a climate-controlled room at 25 ± 2 °C [35]. 
Soil density was used to calculate the dry soil mass required to fill each microcosm with 
300 mL of bulk soil. A one-week pre-incubation period at 40% water-filled pore space 
(WFPS) was applied to allow microbial community stabilization. For treatments receiv-
ing nitrogen, soils were amended with an (NH₄)₂SO₄ solution to achieve a concentra-
tion of 100 mg N kg⁻¹ soil, consistent with typical levels found in cropped soils following 
fertilization and commonly used in microcosm experiments. As noted by Pitombo et al. 
(2018), this amount is equivalent to approximately 50 kg N ha⁻¹ [35].

After pre-incubation, and for all treatments, WFPS was adjusted to 45%, which 
approximates the optimal condition for soil CH₄ oxidation [36]. During both pre-
incubation and the gas sampling phase, 5 mg of carbon, in the form of an artificial root 
exudate solution without nitrogen (van Zwieten et al., 2014), was added daily to each 
microcosm to sustain basal soil respiration [37]. Soil moisture was subsequently main-
tained by adjusting the water content based on the weight of the microcosms.



Page 5 of 14Pitombo et al. Discover Soil             (2026) 3:8 

2.3  Methane fluxes

After the pre-incubation period, CH₄ fluxes were measured daily over a period of ten 
days. Microcosms were closed only during sampling to avoid gas saturation. Headspace 
gas samples were collected at 1, 30, 60, and 90 min after closure using 20 mL syringes. 
CH₄ concentrations were determined by gas chromatography (GC-2014, Shimadzu, 
Kyoto, Japan) equipped with a flame ionization detector. The entire sample volume (20 
mL) was injected directly into the chromatograph inlet, which included a sample loop to 
standardize the volume analyzed.

The instrument was calibrated daily using three certified standards (0.92, 1.81, and 
3.58 ppm), and the limit of quantification for CH₄ was 0.1 ppm. Gas fluxes were calcu-
lated by fitting linear regressions of CH₄ concentration over time. Further details regard-
ing sampling procedures, quality control, and flux calculations can be found in Pitombo 
et al. (2018) [35].

2.4  Soil DNA extraction and Real-Time PCR

After the gas flux measurement period, soil samples from the microcosms were frozen at 
− 20 °C for molecular analyses. DNA was extracted from 250 mg of soil using the Pow-
erSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) following the manufac-
turer’s protocol. DNA quantity and quality were verified on a 2% agarose gel and with a 
Synergy HTX microplate reader (BioTek Inc., Winooski, VT, USA) by measuring absor-
bance at 230, 260, 280, and 320 nm.

The abundance of the particulate methane monooxygenase gene (pmoA), which 
encodes a key enzyme in both type I and type II methanotrophs, was quantified by 
quantitative real-time PCR (qPCR). The primer pair pmof1 (5’-AACTTCTGGGGNTG-
GAC-3’) and pmor (5’-RCNACGTCNTTACCGAA-3’), originally developed by Cheng 
et al. (1999) and modified by Stoecker et al. (2006) to increase the degeneracy of the for-
ward primer, was used to amplify pmoA [38, 39]. This primer set targets both type I and 
type II methanotrophs and was chosen to evaluate the overall effect of land-use change 
on methanotroph abundance.

The qPCR reactions were performed on a QuantStudio 3 Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA) in a total reaction volume of 10 µL, using 
SYBR® Green JumpStart™ Taq ReadyMix (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with the appropriate reference dye. The annealing temperature was set at 58 °C, 
data were acquired during the extension step at 72  °C, and melting curve analysis was 
conducted to verify product specificity.

A pool of sequenced pmoA amplicons from environmental samples was used as the 
standard for gene quantification. The number of amplicons per µL in the standard was 
determined by fluorescence-based quantification using the Quant-iT™ dsDNA Assay Kit 
(Invitrogen, Carlsbad, CA, USA). Standards were analyzed in triplicate, while sample 
reactions were run in two technical replicates, in addition to the experimental replica-
tion (n = 4).

2.5  Statistical analyses

Analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used to assess 
both main effects and pairwise differences in CH₄ fluxes across land-use types and nitro-
gen addition treatments. The same statistical approach was applied to test the effect of 
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land use on the abundance of the methane monooxygenase-encoding gene. To explore 
whether biomes or soil parameters drove differences in CH₄ uptake and gene abun-
dances, we performed a non-metric multidimensional scaling (NMDS) ordination based 
on Euclidean dissimilarities of normalized data.

Subsequently, Generalized Linear Mixed Models (GLMMs; Bolker et al., 2009) were 
used to evaluate the influence of soil parameters on CH₄ oxidation rates [40]. The global 
model,, which included all potential explanatory variables, was fitted using the lme4 R 
package (version 1.1–10; Bates et al., 2015), with replicate included as a random effect 
[41]. Model selection was based on the Akaike Information Criterion (AIC), ranking all 
model combinations using the MuMIn R package (version 1.15.6; Barton, 2016) [42]. 
Coefficients of determination (R²) were calculated following Johnson (2014) [43]. To 
facilitate interpretation of effect sizes, all data were normalized (scaled between 0 and 1) 
prior to analysis.

3  Results
3.1  Methane flux

The results of the incubation experiment are presented in Fig.  2. Overall, land-use 
change significantly inhibited soil CH₄ oxidation (p < 0.001). This effect was evident in 

Fig. 2  CH₄ fluxes (left panel) and particulate methane monooxygenase gene abundances (right panel) in soils 
from cropped areas and native vegetation, with and without nitrogen addition. Different letters indicate statisti-
cally significant differences between treatments (p < 0.05). Each boxplot represents the mean of 40 gas flux mea-
surements (4 replicates × 10 days)
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the pairwise comparisons (Fig. 2), with the exception of soils from the Caatinga and one 
site in the Atlantic Forest, which did not exhibit detectable CH₄ oxidation under either 
native or cropped conditions (Fig. 2). Soils under native vegetation showed a mean CH₄ 
uptake of 7.3 µg C kg⁻¹ soil day⁻¹. When considering only soils that displayed net CH₄ 
uptake, the average oxidation rate increased to 11.9 µg C kg⁻¹ soil day⁻¹. The highest CH₄ 
oxidation rate observed was 28 µg C kg⁻¹ soil day⁻¹ at the Brasília site (Cerrado biome; 
Fig. 2). In these conditions, CH₄ concentrations in the microcosm headspace decreased 
to approximately 0.7 ppm over the 90  min the microcosms remained closed for gas 
sampling.

Nitrogen addition significantly reduced CH₄ oxidation in soils from native sites 
(p = 0.007). In soils that initially exhibited significant CH₄ uptake, the mean oxidation 
rate decreased to 7.98  µg C kg⁻¹ soil day⁻¹ after N addition, corresponding to a 33% 
inhibition. Furthermore, inhibition was statistically significant in all pairwise compari-
sons, ranging from 17% at the Araras site to 100% at the Pelotas site (Fig.  2). In con-
trast, N addition had no statistically significant effect on CH₄ fluxes from cropped soils, 
where mean fluxes were − 0.2 and − 0.4 µg C kg⁻¹ soil day⁻¹ without and with N addition, 
respectively.

3.2  Methanotrophs abundance

Land-use change reduced the abundance of methanotrophs in all soils that exhibited 
active CH₄ oxidation, except at one site in the Pampa biome (Fig.  2). Interestingly, in 
the Caatinga biome, cropped soils showed higher methanotroph abundance compared 
to soils under native vegetation (Fig. 2).

3.3  Factors driving CH4 uptake

Non-metric multidimensional scaling (NMDS) of methane monooxygenase gene abun-
dance and CH₄ oxidation rates, along with all measured soil parameters, revealed no 
clear grouping by biome or soil parameter (Fig.  3). However, the analysis suggested a 
potential influence of sodium (Na) on the absence of CH₄ uptake and low methanotroph 
abundance observed in soils from the Caatinga, as these were the only soils containing 
available Na. Other soils positioned near Caatinga samples in the NMDS plot are likely 
influenced by different factors, such as soil carbon (C), total nitrogen (N), ammonium 
(NH₄⁺), and copper (Cu) (Fig. 3).

Given the lack of distinct grouping in the NMDS, we applied generalized linear mixed 
models (GLMMs) to identify soil parameters most strongly associated with CH₄ oxida-
tion. The global and best-fit models are summarized in Table 1. According to the nor-
malized coefficients, the best model indicated that low pH, higher soil carbon, and 
greater availability of iron (Fe) and copper (Cu) were the strongest positive drivers of 
CH₄ oxidation rates. Conversely, higher levels of available aluminum (Al), manganese 
(Mn), and zinc (Zn) appeared to inhibit CH₄ oxidation.

4  Discussion
Our results demonstrate that converting natural tropical soils into croplands signifi-
cantly suppresses methane oxidation activity. Nitrogen addition also reduced CH₄ oxida-
tion rates, though not as strongly as land-use change. The differences in methanotrophic 
bacterial abundance between land uses highlight the dominant effect of land-use change 
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on atmospheric methane consumption, which appears to be more pronounced in tropi-
cal systems than in temperate ecosystems. For instances, in Northern Europe the con-
version to agriculture reduced by 60% the CH4 oxidation in soils while we observed no 
significant methanotrophy activity [44].

The main exception was observed in the Caatinga biome, where soils did not show 
consistent methanotrophy, irrespective of land use (Fig. 2). Similar results were reported 
by Ribeiro et al. (2016) in in situ measurements in natural Caatinga [45]. Although 
semiarid regions cover about 18% of the Earth’s surface and, together with arid regions, 
could represent an important CH4 sink [46], our results suggest that Caatinga soils nei-
ther uptake nor emit methane significantly. This could be attributed to their low carbon 

Table 1  Summary of the global and best-fit generalized linear mixed models identifying soil 
parameters associated with CH₄ uptake capacity. Positive β values indicate that the parameter 
contributes positively to CH₄ uptake, whereas negative β values indicate Inhibition of CH₄ oxidation. 
NS denotes parameters that are not statistically significant predictors (p ≥ 0.05) but improve the 
model likelihood in the best-fit model. p < 0.05
Parameters Global model Best model
Intercept  0.095β 0.150

Soil C 3.968 4.770*

P 5.503 0.116ns

Fe 3.085 7.439*

Mn − 10.582 − 8.260*

Zn − 5.002 − 2.432*

Cu 9.178* 8.537*

Al − 11.469* − 11.375*

N-NH4
+ 1.729  –

N-NO3
− 3.522  –

Porosity 0.355  –

pH − 4.307 − 3.146

Log pmoA 0.072  –

AIC − 16.3 − 23.3

r2 0.954 0.951

Fig. 3  Non-metric multidimensional scaling (NMDS) of pmoA gene abundance and CH₄ oxidation rates in rela-
tion to soil parameters. Ellipses (95% confidence intervals) indicate biomes: blue = Cerrado, red = Atlantic Forest, 
purple = Pampa, yellow = Caatinga
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stocks and likely low dissolved organic carbon (DOC), an important substrate positively 
associated with CH₄ emissions [47], and to low nutrient availability that limits primary 
production [48]. Furthermore, the Caatinga’s uneven rainfall and frequent negative 
water balances may further constrain microbial activity [48].

Although methanotrophy is most intense in the top 10 cm of soil, it also occurs 
throughout the soil profile [49–51]. Therefore, extrapolating our microcosm data to field 
conditions must be done cautiously. Field measurements from three of our study sites 
have reported comparable findings. For example, at São Luiz do Paraitinga, Carmo et al. 
(2012) recorded annual CH₄ uptake of ~ 5 kg C-CH₄ ha⁻¹ yr⁻¹, whereas our microcosm 
experiments at the same site showed CH₄ uptake three times lower than the average 
across all soils [7]. Carmo et al. (2012) also noted reductions in CH₄ uptake during late 
spring, associated with elevated soil NH₄⁺ levels (~ 40 mg kg⁻¹) [7]. Tate (2015) suggested 
that soils oxidizing ~ 8 kg C-CH₄ ha⁻¹ yr⁻¹ are strong methane sinks [52], indicating that 
soils from Aiuruoca, Brasília, and Araras could be even stronger sinks. Remarkably, for-
est soils in China oxidized ~ 1.2 µg C-CH₄ kg⁻¹ day⁻¹ in laboratory studies [53], ~ 20-fold 
lower than the highest rates observed in our study. Similarly, Nishisaka et al. (2019) 
reported negligible CH₄ fluxes at Sorocaba under native vegetation [54], corroborating 
our microcosm results (Fig. 3). Comparable patterns were observed annually in cropped 
soils at Sorocaba and Araras [28, 55].

Our models identified soil carbon, pH, and available iron (Fe) as relevant factors 
influencing CH₄ uptake (Table 1), with pH showing a negative correlation. Although 
porosity regulates gas diffusion [56], it did not emerge as a significant predictor in our 
models. Instead, soil organic matter, represented by soil organic carbon, appeared criti-
cal for methanotrophy. Labile carbon is essential for maintaining methanotroph popula-
tions, and enrichment with organic carbon can restore methanotrophic communities in 
degraded soils [6]. The addition of organic residues has also been shown to stimulate 
CH₄ uptake, possibly by improving soil aggregate structure [57, 58], which is important 
for restoring degraded ecosystems.

Soil compaction, a known consequence of agriculture [59], may also contribute to the 
observed reduction in CH₄ uptake, as it reduces porosity and impedes gas exchange [60]. 
Nitrogen addition further inhibits methanotrophy, though its effect was less pronounced 
than that of land-use change. Methanotrophs are oligotrophic organisms sensitive to 
nutrient enrichment, which can shift microbial communities toward copiotrophic taxa 
after fertilization [61, 62]. Similarly, increased pH to enhance crop productivity can also 
enhance microbial diversity [63, 64], potentially increasing competition and reducing 
high-affinity methanotrophs [65]. In intensively managed systems, methanotrophs may 
also be disadvantaged due to competition for space, nutrients, inhibition by secondary 
metabolites, or predation [66–68].

Micronutrients also influence methanotrophy in mechanistic ways. Our results indi-
cated that available zinc (Zn) inhibited CH₄ oxidation, consistent with its ability to inter-
fere with methane monooxygenase (MMO) by displacing essential metal cofactors and 
altering enzyme conformation [69]. Conversely, copper (Cu), the central component of 
the particulate methane monooxygenase (pMMO), enhances methanotrophy by pro-
moting pMMO expression and supporting its catalytic activity [70, 71]. Iron (Fe³⁺), as 
demonstrated in studies referenced in [72], contributes indirectly to CH₄ oxidation by 
participating in electron transfer chains and redox cycling required for MMO function, 
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including the activity of cytochromes involved in methanotroph respiration [72–74]. 
Sodium (Na) appeared particularly relevant in Caatinga soils, which uniquely con-
tained available sodium, potentially contributing to the observed lack of methanotrophy.
Transient environmental conditions, such as organic byproduct addition or drought–
rewetting cycles, can shift methanotrophic community composition [75, 76], possibly 
explaining why methanotroph abundance did not fully account for variation in CH₄ oxi-
dation (Table 1). Dormant microbial seed banks [77] may also contribute to the observed 
patterns. Nonetheless, soils with higher methane monooxygenase gene copy numbers 
tended to show higher CH₄ oxidation rates (Fig. 2), suggesting a functional link between 
methanotroph abundance and activity.

We estimate that soils with ~ 10⁵ gene copies g⁻¹, oxidizing ~ 12 ng C-CH₄ day⁻¹ g⁻¹ 
soil, sustain ~ 100 ng of methanotroph biomass, assuming ~ 1 pg dry mass per cell [78]. 
This biomass–activity ratio is compatible with the maintenance of methanotroph com-
munities at atmospheric CH₄ levels [79], and our observed rates exceed theoretical min-
imums required for sustaining high-affinity methanotrophs, such as the USCα cluster 
[80]. Indeed, in the Brasília microcosms, CH₄ concentration dropped to ~ 0.7 ppm in 
just 90 min, much faster than rates observed in pure cultures [81].

Interestingly, methanotroph abundance increased in Caatinga soils after land-use 
change, contrary to patterns observed elsewhere (Fig. 2). This may reflect increased pro-
ductivity and microbial biomass under cropping in this adverse environment, but the 
abundance remained below the threshold for detectable methanotrophy. The presence of 
facultative methanotrophs, capable of using multi-carbon substrates such as acetate or 
ethanol [82], may explain the observed patterns.

5  Conclusion
Our findings indicate that tropical upland soils under native vegetation are consistent 
methane sinks, whereas soils under agriculture tend to be neutral or even sources of 
CH₄. Land-use change substantially reduces methanotroph abundance and methane 
oxidation, while nitrogen addition has a comparatively smaller effect. Soils enriched in 
micronutrients exhibited the highest methanotrophy and methanotroph abundance. 
Notably, Caatinga soils did not uptake CH₄, underscoring the need to reassess ecosystem 
services in drylands. Although specific factors such as nitrogen, compaction, or faculta-
tive methanotrophs play roles, the resilience of methanotrophy depends on the complex 
interplay of biotic and abiotic factors. In the context of global climate change, rethinking 
agricultural practices and land-use policies, particularly in tropical regions, is imperative 
to mitigate greenhouse gas emissions and preserve ecosystem functions.
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