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Changes in land use and land management can have significant effects on the global emissions budget, 
influencing the climate through biogeochemical processes. However, their impacts on major soil 
greenhouse gas (GHG) emissions in West Africa remain poorly documented and understood. This study 
provides the assessment of soil GHG emissions in the Sudanian savanna region of West Africa using a 
chamber-based experimental setup. The measurements are taken at four sites with contrasting land 
use and land management practices: pristine savanna forest, cropland, degraded grassland, and a 
rainfed rice field. Over two consecutive years (2023–2024) of weekly chamber measurements during 
the rainy season (corresponding to the rice-growing period), our results reveal significant variation in 
methane (CH4) fluxes across the sites. However, nitrous oxide (N2O) fluxes did not vary significantly, 
likely due to uniformly low nitrogen input across all systems. The highest seasonal CH4 emissions 
were recorded in the rainfed rice field (0.69 ± 0.17 and 0.82 ± 0.22 kg C ha− 1 season− 1, on average), 
while the forest reserve acted as a net CH4 sink (− 0.019 ± 0.20 and − 0.42 ± 0.13 kg C ha− 1 season− 1). In 
contrast, soils across all sites, both managed and natural, were sources of N2O, with fluxes ranging 
from 0.01 kg N ha− 1 season− 1 in the forest reserve to 0.16 kg N ha− 1 season− 1 in the rice field. This study 
also analyzed the environmental drivers of GHG fluxes and found that CH4 variability was significantly 
influenced by soil water content and soil temperature (partial R² between 0.21 and 0.42). No significant 
relationship was observed between these variables and N2O emissions. These results highlight that 
land cover degradation in the Sudanian savanna can substantially increase CH4 emissions, while its 
impact on N2O fluxes is marginal but leads to higher CO2-equivalent.
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 Human activities such as land use and land management have led to a steady increase in the atmospheric 
concentration of major greenhouse gases including N2O and CH4 over recent decades, raising concerns about 
global warming1–3. Both N2O and CH4 are mainly of biogenic origin, but their monitoring remains limited 
especially in West Africa. With a global warming potential of 25 times greater than carbon dioxide and a 
lifespan of less than a decade1, the atmospheric CH4 concentration has increased by 161% from 720 ppb in 
the pre-industrial era to 1879 ppb4 today. Although CH4 emissions from agriculture, livestock breeding, and 
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manure management5 are widely reported, the contribution from rainfed farming in West Africa still needs to 
be thoroughly investigated. The biological and environmental factors that affect CH4 emissions are manifold6, 
but soil moisture regulating soil aeration and thus the balance between methanogenesis and methane oxidation 
remain one of the most important factors7.

The atmospheric N2O concentration has increased by 23.3% from the pre-industrial era to the last decade 
(0.333 ppm4, and this is likely to increase8. N2O emission in a particular ecosystem is governed by the microbial 
processes of nitrification and denitrification in the soil, which in turn are controlled by the soil temperature and 
moisture9,10. The crops’ yield improvement with chemical and organic fertilizers has been demonstrated to make 
a substantial difference between a natural ecosystem and agricultural systems’ N2O emissions8,11. Otherwise, in 
a nearly anaerobic condition, where the end product of denitrification is primarily N2, the soil can occasionally 
behave as a N2O sink12. The biological nitrogen fixation (BNF) of atmospheric N2 by the leguminous crops is 
a potential way to reduce N2O emissions13. N2O fluxes under legume-based agroecosystems are reported to be 
relatively low compared to other generally cultivated crops even during pre-crop cultivation14–16. However, the 
combined effect of pedoclimatic and fertilization practices is a rather complex driver of N2O fluxes17,18. Due to the 
high temporal dynamic of the N2O fluxes, it is recommended that N2O emissions be monitored continuously at a 
relatively high temporal resolution19. In case of a rapidly changing land cover in West Africa20,21, the monitoring 
of GHG emissions of different land use and management conditions is highly required for both mitigation 
and adaptation purposes22. The N demand for plant growth in grassland systems has a significant impact on 
N2O emissions23. However, the overall impact of changes in land use and management on the emission of N2O 
remains uncertain, as this depends on various factors, such as the type of ecosystem, local climatic conditions, 
and land management practices24,25.

Soil temperature and moisture levels controls the oxygen availability in the soil matrix24. Microbial activities 
that control the biogenic release of N trace gases include nitrification and denitrification26. The ammonium 
NH4

+ in the soil is formed through the mineralization of organic material and this constitutes the substrate 
needed for autotrophic and heterotrophic nitrification. The oxidation of NH4

+ to nitrate (NO3
−) occurs through 

hydroxylamine (NH2OH) and nitrite (NO2) in aerobic conditions by nitrifying organisms. Denitrification 
in opposite occurs in anaerobic conditions where NO3

− and NO2 serve as electron acceptors. Through nitric 
oxide (NO), NO2, and N2O, the NO3

− can be reduced to inert nitrogen (N2). The balance between nitrification 
and denitrification rates controls the N2O and NO emissions from soil in response to peculiar environmental 
conditions. The gas diffusion and metabolic activity in the soil are controlled by the heterogeneity of the soil as 
direct effects of the soil aeration status. This defines to what extent nitrification and denitrification will occur9,27. 
Previous studies28,29 reported that the magnitude of N2O emission in tropical soils is mainly driven by the 
aeration status and soil pH. The strong rainfall seasonality in African savannas influences the soil aeration status 
as demonstrated by Andersson et al. (2003)30.

The global efforts for climate change adaptation and mitigation are mainly focused on carbon dioxide 
emissions. However, the global warming potential (GWP) of nitrous oxide (N2O) is 265 times higher with 
life span over a century4,31. The highest rate of total N2O emissions due to human activities comes from the 
agricultural sector32,33. N2O emissions from agricultural soils are direct consequences of animal excreta 
and fertilizer applications34. The needs for organic nitrogen fertilizers can range from improving crop yield 
to intensive grass growth simulation for large scale grazing events35. Two types of nitrogen (N) spreading 
responsible for increased N2O losses are the cumulative effects of fertilizers application on top of animal excreta 
and on urine and dung deposits36–39. The ratio of N2O release to uptake is therefore further exacerbated at the 
affected spots when both the plant N demand and soil microclimatic conditions tilt the balance in the emission 
direction40. Notwithstanding the aforementioned evidence, further investigations in poorly documented 
regions are necessary for an improved process understanding and for making better decisions when managing 
agricultural systems in these areas.

The overarching goal of this study is to investigate the N2O and CH4 emissions in dominant land use systems 
of the Sudanian savanna of West Africa. Measurements were carried out at four eddy covariance flux tower 
sites selected to represent typical land use and management practices in this region: (1) a protected savanna 
woodland within a national forest reserve, (2) a rainfed paddy rice field, (3) semi-degraded grassland, and (4) a 
mixed-use rainfed cropland system2,41–43. Thus, the study assesses for the first time the N2O and CH4 emissions 
from rainfed rice fields in parallel to a reference site (forest reserve) and two other important land use practices 
(grassland and cropland) in this region. Based on this experimental setup, the study aims to address three key 
research questions: (1) How do CH4 and N2O emissions vary across different types of land use in the Sudanian 
savanna of West Africa? (2) How do these emissions compare with those reported in previous chamber-based 
studies conducted in the region? and (3) What are the primary environmental drivers regulating CH4 and N2O 
fluxes across these systems?

Materials and methods
Study region and sites description
This study was undertaken at four contrasting greenhouse gases monitoring locations in the Sudanian savanna, 
Northern Region, Ghana for two consecutive rainy seasons (2023 and 2024; see Fig. 1). The land use types are 
cropland (Kayoro), semi-degraded grassland (Gorigo), rainfed paddy rice fields (Janga) and a protected savanna 
woodland within a national forest reserve (Mole Park). The monitoring locations are part of the WASCAL-
hydrometeorological observatory installed in the last decade2,40,41. This region is heavily utilized for agricultural 
purposes. The natural savanna vegetation was therefore strongly converted to different agricultural systems in 
this region over the past decades water, energy and carbon fluxes at the different sites are monitored with the 
Eddy Covariance method2,42–44 since 2013 at Kayoro, 2017 at Gorigo, 2022 at Janga, and 2023 at Mole Park. 
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In addition, chamber measurements were taken at these sites in 2023 and 2024 to further ascertain the N2O 
andCH4 fluxes (Fig. 2).

The geographic boundaries of the area extend from latitude 9°26.4’N to 11°12.4’N and longitude 2°12’W 
to 0°.41.4’W with the altitude varying from 93 to 488 m. The seasonal cycle of rainfall is strongly linked to the 
movement of the rainfall belt of the West African Monsoon determining the rainfall onset and cessation45,46. The 
annual rainfall is monomodal in the southern Sudanian savanna extending between May and October. The mean 
annual precipitation ranges between 900 mm and 1100 mm41,47. The annual average air soil temperature varies 
between 26 and 33 °C. Different dominant vegetation species are reported in the area, such as Lannea microcarpa 
(Wild grape), Adansonia (Baobab), and Parkia biglobosa (Néré tree)43. Near the flux tower, the cultivated crops 
in 2023 and 2024 are soybean and groundnut at the cropland site (Kayoro). Further site characteristics about 
Kayoro and Gorigo are given by Bliefernicht et al. (2018)41, and Mole Park and Janga in Guug et al. (2025)2. 
During the gas sampling period, the cropland was ploughed and fertilized after applying a selective herbicide 
(Glyphosate 410 g/L SL) on the 18th July 2023 and 24th June 2024 at the cropland site. Likewise, the rice fields 

Fig. 1.  Study region and the four monitoring sites Kayoro “cropland”, Gorigo “grassland”, Janga “rice fields” 
and Mole Park “forest reserve”. The five maps are produced with the freely available QGIS software version 
3.10.9 (https://download.qgis.org) and the 4 pictures are from the field campaign of 2023 and 2024.
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were subjected to similar agricultural practices on the 25th July 2023 and 26th June 2024. The local community 
undertook a low-intensity mixed grazing of livestock (cattle and sheep) at the grassland site.

Procedures of the field GHG measurement
Experimental design
The field campaign with the chamber measurements was done in 2023 and 2024 on a weekly basis covering 
the peak monsoon period and therefore the main vegetation and cultivation period in this region (Fig. 2). First 
samples were collected at Kayoro, Gorigo and Janga by the end of May 2023 (29th of May 2023). Sampling at 
the Mole Park started end of July 2023. The sampling was done in the morning, between 9 and 11 AM, when 
the turbulent fluxes of the planetary boundary layer deploy progressively until the highest around the noon 
time. Because of this time constraint and the average distance (105 ± 50 km) to the EC sites, the gas sampling is 
undertaken for each site per day. The sampling is done at Gorigo, Kayoro, and Janga from Monday to Wednesday 
and the Mole Park gas sample is collected later during the week.

The chamber-based measurement of greenhouse gases deployed in this study is similar to the experimental 
design used in various ecosystems in the last decades19,34. In this study, the designed chamber is made of two 
parts: the collar and the intransparent lid. It is a 37 × 26.7 cm size collar which is implanted at 10 m from the EC 
tower. Five sub-trial points (chambers) are deployed at each site to ascertain the spatial variability. The first is 
located at the north (0 N) and the following at an interval of 72 degrees.

Chamber sampling and analysis
De Klein & Harvey (2015)48 described a static chamber method for the N2O measurements. In this study, a 
chamber collar was inserted into the ground at 2–5 centimeters depth and left on the field throughout the 
measurement periods. The average head space volume is approximately 20 L. The sampling started with the soil 
moisture and soil temperature measurements for each sub-trial chamber. For 20 min, the chambers are closed 
and the gas sample is taken at 5, 10, 15 and 20 min at the top of the chamber through a rubber septum. A 50 
mL poly-propylene syringe attached to a hypodermic needle is used to extract the air from the closed chamber. 
The gas sample is then transferred into a sealed and pre-evacuated glass exetainer of 10 mL (SRI Instruments, 
Bad Honnef, Germany). The choice of the sampling period (9:00 to 11:00 AM) is based on the suggestions that 
94 to 101% of the “true” seasonal emissions is captured early in the morning and evening49,50. The sampling is 
undertaken every week almost the same day of the week for each site. During the sampling, 50 ml of gas is taken 
from the chamber using a syringe. 70% of the sample is used to flush the empty vial, after which the remaining 
15 mL is injected with a slight overpressure in the 10 mL vial51.

At the end of the sampling process, the chambers’ height, soil moisture, and soil temperature are measured. 
The gas samples were packaged and sent to the KIT, IMK-IFU (Garmisch-Partenkirchen, Germany). The gas 
chromatograph (8610 C; SRI Instruments, Torrence, USA) used to measure the gas concentration in the samples 
is equipped with an auto sampler (HT200H; HTA s.r.l, Brescia, Italy), an electron capture detector (ECD N2O), 
and a flame ionization detector/methanizer (FID: CH4 and CO2). Further, the concentrations of the standard 
gas that served for the sample calibration are 400 (396 ± 40) ppb for N2O and 4000 (4113 ± 82) ppb for CH4 (Air 
Liquide, Düsseldorf, Germany). Following the approach used in Parkin, Venterea, and Hargreaves52, the mean 
detection limits were computed and resulted in 4.40 µg CH4-C and 0.68 µg N2O–N m− 2 hr− 1. The gas fluxes are 
computed as follows:

Fig. 2.  Chamber-based greenhouse gas sampling plots; closed (middle) and opened for soil moisture and soil 
temperature measurements (left and right) in a rice field at Janga, Upper-East Ghana.
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FCH = dq

dt
× V × P × Mw

R × T
× 60

A × 1000 � (1)

dq

dt
 : change in the mixing ratio over time (ppb min− 1 or ppm min− 1) resulting from the linear fit, T: average 

soil temperature during sampling (°K), P: long-term average air pressure of the site (Pa), V: chamber volume 
(m3), Mw = 12 for CH4 and Mw = 28 for N2O (g mol − 1), A is the surface area of the chamber (m2) and R is the 
universal gas constant (J mol− 1 °K− 1).

Two main criteria are followed to calculate the monthly means for each land use after the quality control. 
In case the calculated flux is an outlier, the estimated flux is benchmarked against the temporal average from 
previous values, and a measurement is considered valid if the coefficient of determination is greater than 0.8, 
0.6, and 0.6, respectively for CO2, CH4, and N2O fluxes. If the coefficient is less than 0.8 for the CO2 flux, the 
calculated fluxes for the site that week are altogether rejected. The fluxes are valid if the coefficient is greater than 
0.8 for CO2 flux and 0.6 for N2O and CH4 fluxes50. The cumulative GHG fluxes were also computed for each 
gas by linearly interpolating fluxes between sampling dates and integrating the interpolated time series using 
the trapezoidal rule. This approach accounts for irregular temporal sampling and avoids bias associated with 
arithmetic averaging. Cumulative emissions were converted to kg ha− 1 season− 1, and CO2-equivalent emissions 
were calculated using 100-year global warming potentials from IPCC Sixth Assessment Report (AR6). The 
constants are 27.2 and 273.0 for CH4 and N2O, respectively. Uncertainty was quantified using non-parametric 
bootstrap confidence intervals with a 95% confidence interval (CI).

Soil moisture and soil temperature measurements
Each gas sampling procedure is preceded by the soil volumetric water content (VWC) and temperature 
measurement. The soil thermometer and moisture sensor are implanted inside the chamber collar and the values 
are read on the device screen. Following the recommendation of Werner et al.25, the soil water-filled pore space 
(WFPS) is calculated using VWC values.

Soil sampling and analysis
 Before the GHG sampling, soil core samples are collected at 5 different depths (0–5 cm, 5–10 cm, 15–20 cm, 
30–35 cm, 45–50 cm) with four soil profiles per depth at each site (Table S2). The soil physicochemical properties 
were measured at Janga, Kayoro, and Gorigo (n = 45). The samples are dried at low temperature (~ 40 °C) and 
sieved with a 5 mm sieve. They are properly kept in plastic and transported to the KIT IMK-IFU laboratory 
(Germany), where the nitrogen content and soil organic carbon are measured. The bulk density (BD) is also 
calculated for each soil sample dried at 105˚C for 24h53. The soil volumetric water content and BD values are 
used to calculate the soil water filled pore space (WFPS) following the suggestions of Werner et al.25.

	
W F P S [%] = Wvol(

1 − BD
2.65

) � (2)

Wvolis the volumetric water content, BD the bulk density [ g cm−3], and 2.65 the particle density [ g cm−3].
The isotopic signature of carbon (δ13C) and nitrogen (δ15N) of each sample is also measured. The isotope 

Ratio Mass Spectrometry test AIL-1.1c (2015-02) used for the analysis is a flexibly accredited method by the 
European standard DIN EN ISO/IEC 17025:2018 which was released in February 2015. The analysis of the 
ratios of the stable carbon isotope δ¹³C/δ12C shows altogether a higher rate of δ12C at the three managed sites 
originating from a mixture of C3 and C4 plants with dominance towards C4 (Fig. S1). For all the sites, the ratios 
oscillate from − 19.9 to −14.3‰ with respectively an average of −17.29 ± 0.1, −17.93 ± 0.11, and − 17.48 ± 0.1 for 
the grassland, cropland, and rice fields. Similar ranges between − 24 and − 13‰ at a grassland, −18 and − 15‰ 
at a maize field, and − 17 and − 15‰ are obtained by Gerschlauer et al.54 at Kilimanjaro mount. The carbon ratio 
increases slightly with the depth at the grassland and cropland sites while the values remain in the same range 
at the rice fields. Unlike the low nitrogen content, the carbon content is relatively moderate to low with δ¹³C 
averages of 0.23 ± 0.0%, 0.23 ± 0.1%, and 0.47 ± 0.2% respectively.

Statistical analysis
The sampling period extends from May to October for the two consecutive years. Annual and monthly means 
are calculated for each year. Kolmogorov-Smirnov test is used to evaluate the normality of the variables. The 
repeated-measures ANOVA test is used to assess the difference in average flux between the 4 sites for the same 
period. For the difference between the two years, the paired t-test is used as the fluxes are paired by week (e.g., 
week 21 of 2023 compared with week 21 of 2024). The environmental controls over the GHG fluxes at each 
site are evaluated using the multiple stepwise regression analysis. The factors considered are WFPS and soil 
temperature.

Results
Methane emissions
This study assessed for the first time rainfed rice fields methane emissions in the Sudanian savanna using the 
chamber-based approach. The fluxes oscillate from − 33.08 to 13.72 µg C m− 2 h− 1 in 2023 and − 33.8 to 29.13 µg 
C m− 2 h− 1 in 2024 with seasonal median of −13.86 µg C m− 2 h− 1 at Mole Park (Table 1). The forests site acts as a 
CH4 sink as the averages of the seasonal fluxes are − 0.52 and − 11.48 µg C m− 2 h− 1 for 2023 and 2024. The lowest 
value was recorded in July 2024 while the strongest flux occurred in September 2024. Throughout the season, the 
grassland remains predominantly a CH4 source with fluxes varying from − 24.13 to 73.58 µg C m− 2 h− 1 in 2023 
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and − 16.15 to 64.25 µg C m− 2 h− 1 in 2024. The seasonal average and median are 14.44 and 13.49 µg C m− 2 h− 1 
for 2023 and 10.13 and 8.04 µg C m− 2 h− 1 for 2024, respectively. At the cropland site, the perturbed soil resulted 
in a CH4 sink with an average of −1.78 and − 2.05 for the two years with seasonal medians of −4.79 and − 3.45 µg 
C m− 2 h− 1. The maximum fluxes show a glimpse of the warming potential of the four ecosystems (Table 2). The 
Rice fields CH4 release reaches 8 to 15-folds the forest reserve and cropland maximum fluxes while the grassland 
shows approximately 2 to 6-folds. Further, the CH4 sink potential is demonstrated in the minimum fluxes as for 
the two consecutive years, the forest reserve maintained the highest sink followed by the cropland, the grassland, 
and the Rice fields (see Table 2). However, a CH4 sink of −40.18 µg C m− 2 h− 1 was recorded in the Rice fields 
on the 28th August 2024 under moderate soil temperature (34.35 °C) and soil moisture of 42.26%WFPS. The 
highest seasonal mean of CH4 emission in 2023 and 2024 occurred in the rice fields (0.69 ± 0.17  kg C ha− 1 
season− 1 and 0.82 ± 0.22 kg C ha− 1 season− 1 - Fig. 3).

The repeated-measures ANOVA indicate a significant difference ( p < 0.05) in methane emissions between 
the four land-use conditions. Except for the forest reserve, there is no significant difference among the years. 
Compared to other sites, the methane sink in the Forest reserve is significantly higher with the highest value 
recorded in June 2024 (−25.41 µg C m−2 h−1). The second highest emission occurs in the grassland (0.53±0.35 kg 
C ha−1 season−1 and 0.37±0.13 kg C ha−1 season−1) while the most significant methane sink is recorded in the 
Forest reserve (−0.019±0.2 kg C ha−1 season−1 and − 0.42±0.13 kg C ha−1 season−1). The emission is low in the 
cropland (−0.065±0.2 kg C ha−1 season−1 and − 0.074±0.14 kg C ha−1 season−1) where the soil is disturbed by 
agricultural practices at the beginning of the growing season. During the rainfall onset in June, the grassland 
behaves as a net CH4 release (4.26±14.3 and 5.33±5.0) for the two years while the forest reserve indicates the 
highest sink (−25.41±4.8 µg C m−2 h−1) in 2024. The soil at the cropland site absorbs 7.18±6.2 µg C m−2 h−1 and 
0.5±7.0 µg C m−2 h−1 CH4 in the same period (Table 2; Fig. 3). The rainfall onset delay at the rice fields in 2024 is 
revealed in the measurement as the soil indicates a CH4 sink of −6.19±15.3 µg C m−2 h−1 while the previous year 
was a release of 4.96±16.8 µg C m−2 h−1.

 In July, except for the CH4 sink at the forest reserve (−19.93 ± 5.9) in 2024, the average CH4 release was 
6.44 ± 11.18 µg C m− 2 h− 1 and 3.31 ± 0.9 µg C m− 2 h− 1 at the grassland, 0.77 ± 8.7 µg C m− 2 h− 1 and 0.70 ± 5.0 µg 
C m− 2 h− 1 at the cropland, and 16.90 ± 15.8 µg C m− 2 h− 1 and 1.89 ± 11.3 µg C m− 2 h− 1 at the rice fields (see 
Table S1). The methane sink observed in the previous month continued in August in the forest reserve, with a 
sink of −3.24 and − 16.98 µg C m− 2 h− 1 for the two years. In contrast, the methane release is maintained in the 
grassland and cropland. Though a similar pattern is observed at the rice fields in 2023 (40.89 µg C m− 2 h− 1), 
dry spells during the rainy season of 2024 (31.19% WFPS) in the sampling period is accompanied by methane 
sink (−8.05 µg C m− 2 h− 1), which is unlikely for the period and site. Toward the end of the growing season, the 

Ecosystem

Seasonal mean
[µg C/N m− 2 h− 1]

Min
[µg C/N m− 2 
h− 1]

Max
[µg C/N m− 2 
h− 1]

Median
[µg C/N m− 2 
h− 1]

∑Min
[kg C/N ha− 1 
season− 1]

∑Max
[kg C/N ha− 1 
season− 1]

∑Median
[kg C/N ha− 1 
season− 1]

2023 2024 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024

CH4

Forest − 0.019 ± 0.2 − 0.42 ± 0.13 − 33.08 − 33.8 13.72 29.13 4.92 − 13.86 − 0.46 − 0.45 0.13 − 0.11 − 0.26 − 0.35

Grassland 0.53 ± 0.35 0.37 ± 0.13 − 24.13 − 16.15 73.58 64.25 13.49 8.04 0.20 0.05 0.69 0.55 0.57 0.33

Cropland − 0.065 ± 0.2 − 0.074 ± 0.14 − 27.46 − 17.35 18.13 15.56 − 4.79 − 3.45 − 0.31 − 0.25 0.04 0.06 − 0.05 − 0.01

Rice fields 0.69 ± 0.17 0.82 ± 0.22 − 17.23 − 40.18 140.07 233.9 14.6 5.47 0.28 − 0.11 0.86 0.59 0.38 0.54

N2O

Forest 0.12 ± 0.1 0.011 ± 0.11 − 9.31 − 10.56 12.1 9.27 6.32 − 1.37 − 0.01 − 0.11 0.11 0.13 0.03 − 0.02

Grassland 0.05 ± 0.16 0.1 ± 0.02 − 13.21 − 9.65 14.14 21 3.3 3.25 − 0.07 − 0.01 0.31 0.13 0.06 0.12

Cropland 0.12 ± 0.18 0.1 ± 0.08 − 12.18 − 15.84 16.51 29.63 6.11 2.55 − 0.09 − 0.13 0.18 0.34 0.15 0.07

Rice fields 0.08 ± 0.24 0.16 ± 0.31 − 9.74 − 11.09 12.59 33.93 3.65 4.66 − 0.03 0.09 0.13 0.20 0.06 0.16

SM [%]

Forest 16.59 ± 4.3 10.55 ± 0.0 7.9 10.55 23.55 10.55 18.1 10.55 7.9 10.55 23.55 10.55 18.1 10.55

Grassland 19.78 ± 8.95 18.61 ± 8.02 0.1 4.3 40.15 33.95 19.45 17.13 0.1 4.3 40.15 33.95 19.45 17.125

Cropland 11.97 ± 5.29 10.56 ± 6.01 0.5 0.3 22.3 21.25 12.85 11.25 0.5 0.3 22.3 21.25 12.85 11.25

Rice fields 25.41 ± 11.7 17.18 ± 10.5 0.5 5.35 39.15 36.15 31.6 14.25 0.5 5.35 39.15 36.15 31.6 14.25

Tsoil [°C]

Forest 28.43 ± 0.46 28.3 ± 0.0 26.45 26.45 31.05 30.15 27.82 27.87 26.45 26.45 31.05 30.15 27.82 27.87

Grassland 29.81 ± 1.48 31.26 ± 2.86 26.75 28.5 32.35 40.9 29.92 30.25 26.75 28.5 32.35 40.9 29.92 30.25

Cropland 29.19 ± 2.91 31.41 ± 2.78 24.8 27.65 34.5 37.75 28.5 31.22 24.8 27.65 34.5 37.75 28.5 31.22

Rice fields 30.78 ± 2.34 31.42 ± 2.51 27.75 26.95 36.25 34.75 30.25 32 27.75 26.95 36.25 34.75 30.25 32

WFPS [%]

Forest − − − − − − − − − − − − − − 

Grassland 53.05 ± 24.0 49.9 ± 21.5 0.26 11.52 107.65 91.02 52.15 45.91 0.26 11.52 107.65 91.02 52.15 45.91

Cropland 32.11 ± 4.48 28.33 ± 16.2 1.32 0.79 59.27 56.48 34.15 29.9 1.32 0.79 59.27 56.48 34.15 29.9

Rice fields 59.99 ± 27.6 40.56 ± 24.9 1.18 12.63 92.42 85.34 74.6 33.64 1.18 12.63 92.42 85.34 74.6 33.64

Table 2.  Descriptive statistics of the seasonal N2O and CH4 fluxes, soil temperature (Tsoil), water filled pore 
space (WFPS) of the four sites for the two years. The values are in kg C/N ha− 1 season− 1 for the minimum, 
maximum, median and cumulative fluxes while the monthly averages and seasonal mean are reported in µg 
C m− 2 h− 1 (see table S1). The period of the season considered for the seasonal mean and cumulative fluxes 
computation is from June to October.
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forest reserve switched to methane release (12.91 and 7.84 µg C m− 2 h− 1) in September. Likewise, the cropland 
methane release in the previous month changed to sink (−7.34 and − 0.64 µg C m− 2 h− 1). The magnitude of the 
CH4 flux rate at the grassland site increased significantly by 2 to 3 folds while it decreased at the rice fields. In 
October, the emissions at the forest reserve changed back to CH4 sink (−3.48 and − 12.75 µg C m− 2 h− 1). The 
CH4 release was maintained at the grassland (32.53 and 12.77 µg C m− 2 h− 1) and rice fields (8.03 and 79.16 µg 

Fig. 3.  Weekly boxplot time series of in situ CH4 flux for 2023 (light blue) and 2024 (yellow). Each boxplot 
is made of fluxes from 5 sub-trial points (chambers). From top to bottom are the forest reserve, grassland, 
cropland, and rice fields. The number of the sampling week is in x-axis.
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C m− 2 h− 1) while the cropland shows a methane sink (−0.57 and − 6.4 µg C m− 2 h− 1). Overall, the temporal 
pattern indicates a rise in the emission in response to the rainfall at each site. The magnitude of emission is 
lower at the beginning of the rainy season while the highest release is reached at the peak (July-August). This is 
followed by a decrease of the emission towards rainfall cessation. There is a remarkable difference between the 
cropland and rice fields’ emissions. The soil disturbance (e.g., ploughing) reduces the ability of the bacteria to 
produce methane. A stable soil structure is required for increased methane release. The cropland methane flux 
is mitigated with wetter and drier soil conditions resulting respectively in emission and uptake. The methane 
flux in the rainfed rice (Janga) is significant compared to other land use however compared to permanently 
flooded rice fields (0.2 to 99 mg C m− 2 h− 1)55, the values are quite lower (see Table 2). Hence, this lower methane 
emission in the rainfed rice is further confirmed in the earlier weeks of the rainy season when the soil behaves as 
a sink (−6.19 ± 15.3) in 2024 and slight release (4.96 ± 16.8) in 2023.

The dominant role of rainfall variability and biogeochemical controls on methane production and oxidation 
is shown in Fig. 4a as it reveals strong land-use dependent contrasts in cumulative CH4 fluxes over the rainy 
season. A negative cumulative flux is observed at the Forest site (−0.52 kg C ha−1 season−1 and − 0.35 kg C ha−1 
season−1) for both years and most of the chambers consistently acted as a net CH4 sink throughout the season. 
This characterizes a well-aerated upland soils where methanotrophic oxidation exceeds methanogenesis, and 

Fig. 4.  Cumulative CH4 (a) and N2O (b) fluxes from the investigated land use covering the rainy season. The 
dashed lines represent 2023, and the solid lines represent 2024. Thicker lines indicate the seasonal average 
from the 5 chambers with corresponding confidence intervals (95% CI) in blue and yellow for 2023 and 2024, 
respectively. The global warming potential (kg CO2-eq) of the fluxes is shown in Fig. S3a-b.
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the relatively narrow confidence intervals in 2024 show a robust and spatially consistent sink across chambers. 
However, near-neutral to weakly negative cumulative CH4 flux is recorded at the cropland site (−0.07 and − 0.18 
kg C ha−1 season−1) despite the spatial disparities among the chambers. Grassland system exhibited near-neutral 
to weakly positive cumulative CH4 flux before ~ 70th day but spiked strongly later reaching 0.38 and 0.64 kg C 
ha−1 season−1 varying substantially towards the end of the season. This suggests a temporal suppression of CH4 
oxidation in response to accumulated rainfall and increased soil moisture, a transition toward more reducing 
soil conditions. Croplands highlighted the highest intra-seasonal and spatial heterogeneity among the chambers, 
varying between small net uptake and emission phases, likely revealing transient soil moisture conditions and 
management-induced heterogeneity such as residue inputs or soil disturbance.

In contrast, Rice fields showed pronounced positive cumulative CH4 emissions in both years, with a clear 
acceleration during the latter half of the rainy season especially in 2024. In flooded soils, sustained anaerobic 
conditions occurred promoting methanogenesis via acetoclastic and hydrogenotrophic pathways. Approximately 
80–100 days after the season start, the sharp increase highlights a coupling between prolonged inundation, 
substrate availability, and microbial community establishment. Overall, the land-use gradient from Forest to 
Rice fields corresponds closely to an increasing prevalence of anaerobic microsites and reduced gas diffusivity, 
reinforcing the central role of soil redox status in regulating seasonal methane budgets. The difference between 
individual chamber trajectories and the thicker mean curves further illustrates that, while point-scale variability 
is substantial particularly in managed systems the ecosystem-scale seasonal signal remains coherent within each 
land-use type. As shown in Fig. S3 for corresponding CO2-equivalent, the dominant contributor to landscape-
scale greenhouse forcing in the rainy season is the Rice Fields whereas forests consistently offset a portion of CH4 
emissions from agricultural systems.

Nitrous oxide fluxes
In the forest reserve, the N2O fluxes range from − 9.31 to 12.1 µg N m− 2 h− 1 in 2023 and − 10.56 to 9.27 µg N 
m− 2 h− 1 in 2024 with seasonal medians of 6.32 and − 1.37 µg N m− 2 h− 1. Similar range of minimum N2O sink is 
recorded in the grassland (−13.21 and − 9.65 µg N m− 2 h− 1) however the maximum release is stronger with N2O 
fluxes reaching 14.14 and 21 µg N m− 2 h− 1. The seasonal median flux was 3.3 in 2023 and 3.25 µg N m− 2 h− 1 in 
2024. Further, the cropland displays the strongest N2O release in September 2023 (16.51 µg N m− 2 h− 1) and June 
2024 (29.63 µg N m− 2 h− 1) however, the highest observed N2O sinks were − 12.18 and − 15.84 µg N m− 2 h− 1 in 
July and September. Under moderate soil temperature and high soil moisture, the highest N2O flux occurred in 
the rice fields (33.93 µg N m− 2 h− 1) while the highest sink was − 11.09 µg N m− 2 h− 1 in September. The seasonal 
medians of the two years are close to the observed fluxes in other land use (3.65 and 4.66 µg N m− 2 h− 1) likewise 
the minimum N2O sink (−9.74 and − 11.09 µg N m− 2 h− 1).

The paired t-test revealed no significant difference in mean N2O flux for each land use between the two 
years. Likewise, the N2O emissions in both the natural and degraded land cover have no significant difference 
between the sites. Whatever the observation sites, the investigated land use is a net source of N2O for each year 
(Fig. 5). The lowest annual mean of N2O release was recorded at the forest reserve in 2024 (0.011 ± 0.11 kg N ha− 1 
season− 1) however the rice fields displayed the highest values (0.16 ± 0.31 kg N ha− 1 seasonr− 1). There is a slight 
change in the annual mean of N2O release at the cropland site (0.12 ± 0.18 and 0.11 ± 0.08 kg N ha− 1 season− 1) 
while it increased by approximately 127% in the grassland. During the rainfall onset (June), a significant N2O 
release is observed for the two years at the cropland (9.52 and 10.48 µg N m− 2 h− 1) and rice fields (9.76 and 
10.15 µg N m− 2 h− 1) sites (Table S1). A contrasting land cover effect on N2O emissions is observed in 2024 as 
the forest reserve showed N2O sink (−1.38 µg N m− 2 h− 1) while the grassland displayed a release of 4.42 µg N 
m− 2 h− 1. Further, the sites altogether released N2O in July 2024 with the highest value recorded at the rice fields 
(8.47 µg N m− 2 h− 1). In July 2023, except for the forest reserve, the other three sites behaved as a sink. The rainfall 
peak in August at the natural forest reserve results in N2O sink for 2023 (−0.5 µg N m− 2 h− 1) and 2024 (−0.5 µg 
N m− 2 h− 1). The opposite occurred at the grassland site (4.36 and 3.57 µg N m− 2 h− 1) and even higher flux was 
observed at the rice fields (6.71 µg N m− 2 h− 1) in 2024. Though there is no significant difference in mean N2O 
among the sites, the N2O release during the rainfall cessation at the forest reserve and grassland is the highest 
(6.88 and 5.42 µg N m− 2 h− 1) in 2023 (Table S1). The managed systems (cropland and rice fields) showed lower 
N2O release compared to the natural systems (Forest reserve and grassland) for the two years in the same period. 
Lower nitrogen content in response to plant activities at the end of the growing season might explain the lower 
emission. The evidence reveals that the land use degradation effects on the nitrous oxide release is complex and 
less significant in magnitude compared to methane and carbon dioxide.

In Fig. 4b, the magnitude, temporal evolution, and interannual variability of cumulative N2O fluxes across 
land-use types show a relatively similar pattern during the rainy season, highlighting a weaker control by 
ecosystem management and soil-hydrological conditions. Nevertheless, there is a noticeable spatial heterogeneity 
at the Forest and Grassland sites, while the cumulative N2O fluxes are less heterogeneous at the Cropland and 
Rice Fields. Compared to Cropland and Rice fields, Forest and grassland systems exhibit relatively low seasonal 
N2O accumulation, consistent with their lower nitrogen inputs and more conservative nitrogen cycling. In 
forests, cumulative N2O fluxes remain close to zero for much of the season, with modest net emissions emerging 
late in the rainy period, particularly in 2024 (0.02 kg C ha−1 season−1).

The sensitivity of the cumulative N2O fluxes to interannual differences in moisture regime or mineral nitrogen 
availability is shown as divergence between dashed (2023) and solid (2024) mean curves and their confidence 
envelopes. Higher cumulative emissions with increased spatial heterogeneity among chambers and episodic N2O 
uptake early in the season is shown in the Grassland system. Especially in 2023, the wide confidence intervals 
underscore the importance of localized “hot spots” and “hot moments” in driving cumulative N2O budgets 
even in low-input systems. However, a clearer monotonic increase through the rainy season with consistently 
higher cumulative N2O emissions is observed at the Cropland and Rice Fields. Although there is a pronounced 
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chamber-to-chamber variability, indicative of spatially heterogeneous microbial activity, Cropland exhibits a 
steady accumulation of N2O in both years. Net N2O uptake alongside strong emitters is observed exhibiting the 
coexisting differences between the chambers. This emphasizes the complexity of nitrogen transformations in 
flooded systems where denitrification can both produce and consume N2O depending on redox conditions. The 
overall N2O release observed across all land uses indicate that cumulative N2O emissions are not solely driven 
by land-use type but are highly responsive to year-specific climatic conditions during the rainy season. These 

Fig. 5.  Weekly boxplot time series of in situ N2O flux for 2023 (light blue) and 2024 (yellow). Each boxplot 
is made of fluxes from 5 sub-trial points (chambers). From top to bottom are the forest reserve, grassland, 
cropland, and rice fields.
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findings reinforce the need for multi-chamber measurements to adequately capture ecosystem-scale emissions 
and avoid bias from localized extremes.

Soil moisture
The soil porosity depends on the bulk density, which is required in Eq. 2 to compute WFPS25. WFPS values 
are not calculated for the forest reserve because the bulk density was not measured. The highest annual mean 
soil moisture is observed at the rice fields (59.99% WFPS) while the lowest value occurred in the cropland 
(32.11% WFPS, Fig. 6). In response to increased dry spells in 2024, the annual mean soil moisture dropped 
by 32% (40.56% WFPS) in the rice fields. The grassland recorded a higher soil moisture (49.9% WFPS) within 

Fig. 6.  Manually measured soil volumetric water content of the four sites for the two years. The soil moisture 
data were not fully collected noticeably at the forest site.
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the same period. For the two years, the soil moisture peak occurred between August and September at the 
cropland (41.81/43.67% WFPS) and grassland (73.25/91.02% WFPS) which is associated with the higher rainfall 
period. The growing season started with relatively high soil moisture at the grassland site (39.01/27.88% WFPS) 
compared to the rice fields where lower values are recorded (16.94/15.69% WFPS) and this might explain the 
relatively strong emission observed in the grassland. Although the soil moisture annual mean at the cropland 
is 32.11% WFPS in 2023 and 28.33% WFPS in 2024 which are lower compared to the other sites, the emissions 
magnitude is even lower because of the soil disturbance by agricultural activities. In fact, similar practices are 
undertaken at the rice fields, yet higher emissions are observed. The rice field is in a lowland area where overland 
flow is delayed after intense rainfall which causes longer soil moisture period. This landscape characteristics is 
one of the reasons why soil moisture induced emissions is higher at the rice fields even with 56.7% lower rainfall 
(approximately 380 mm during the 2024 campaign).

Evaluation of environmental drivers of the fluxes
The Pearson correlation coefficients for soil water content and soil temperature are − 0.85, −0.56, −0.59, and 
− 0.38 respectively for the forest, grassland, cropland, and rice fields. The stepwise multi-linear regression 
indicates an overall performance of 0.58 (p < 0.001) at the grassland site (see Table 3). The soil temperature and 
water content explain 37% and 13% of the CH4 flux, respectively. The two predictors have opposite effects on 
the flux, a unit increase in the soil water content increases the CH4 flux by 0.41 µg C m− 2 h− 1 while decreases 
by −0.46  µg C m− 2 h− 1 for the soil temperature. The highest methane release occurred around 60% WFPS 
when the soil temperature ranges between 30 and 40 °C. Higher soil temperature (> 40 °C) with relatively low 
soil water content results in low CH4 uptake or sink. Remarkably, high soil moisture (> 60%WFPS) with low 
temperature results in predominantly moderate methane release which was confirmed in past studies (Gütlein 
et al., 2018; Brümmer et al., 2009) at the grassland site. Moderate to low soil carbon content along with a positive 
soil moisture effect, are major factors controlling the annual average methane release over the two rainy seasons.

Although the temporal variability displays both CH4 uptake and sink, the predictors explain 40% of the 
overall CH4 flux (p < 0.005) and have similar effects as mentioned above at the cropland site. A unit increase of a 
predictor respectively increases CH4 flux by 0.26 µg C m− 2 h− 1 for soil water content and decreases by −0.35 µg 
C m− 2 h− 1 for the temperature. The methane flux is explained by 0.21 (p < 0.005) and 0.37 (p < 0.001) respectively 
for soil water content and temperature. The predictors influence is less significant compared to the grassland 
which further confirms that emissions from perturbed soil disrupt the nitrification/denitrification process. 
Despite the moderate to low soil carbon content, the site displays methane sink for the two years (Table  2). 
Moderate soil temperature (30 to 40 °C) leads to higher CH4 flux compared to lower soil temperature whatever 
the range of the soil water content (Fig. 7).

At the rice fields site, the highest influence of soil water content occurred as the variability is explained by 
42% with a unit increase inducing a CH4 flux of 0.96 µg C m− 2 h− 1. The soil temperature effect is negative with 
a decrease of −0.85 µg C m− 2 h− 1 and explains 18% (p < 0.005) of the variability. The overall performance is 
moderate with a correlation coefficient of 0.5 (p < 0.001).

Moderate to low soil carbon content combined with the aforementioned factors resulted in annual average 
CH4 release of 19.10 ± 4.7 and 22.5 ± 5.9 (µg C m− 2 h− 1) for the two years. Above 30% WFPS, low soil temperatures 
lead to low uptake or release. Predominantly, in moderate temperature conditions, high soil water content leads 
to significantly high CH4 release while lower soil moisture shows lower emission magnitude to sink.

LCLU Parameter Coef. Partial r2 Adj. Partial r2 p-value r2 Adj. r2
p-
value

CH4

Forest
WFPS – – – – – – –

Tsoil – – – – – – –

Grassland
WFPS 0.41 0.37 0.56 < 0.001

0.58 0.54 < 0.001
Tsoil − 0.46 0.13

Cropland
WFPS 0.26 0.21 0.37 < 0.005

0.4 0.34 < 0.005
Tsoil − 0.35 0.37 < 0.001

Rice fields
WFPS 0.96 0.42 0.48 < 0.001

0.5 0.47 < 0.001
Tsoil − 0.85 0.18 < 0.005

N2O

Forest
WFPS – – – –

– – –
Tsoil – – – –

Grassland
WFPS 0.06 0.04 0.24 –

0.28 0.21 < 0.005
Tsoil 0.00 0.00 –

Cropland
WFPS − 0.06 0.015 0.08 –

0.13 0.052
Tsoil 0.13 0.07 –

Rice fields
WFPS − 0.04 0.023 0.24 –

0.27 0.22 < 0.005
Tsoil 0.2 0.16 < 0.005

Table 3.  Stepwise multiple linear regression between in situ fluxes (CH4 and N2O), soil water content (% 
WFPS), and soil temperature (°C) for each land use.
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The performance of the stepwise multi-linear regression multi-linear is relatively low (0.13–0.28) for N2O 
flux, whatever the land use. The soil water content and temperature have opposite effects on N2O emissions. 
A unit increase of each predictor leads to −0.06 and − 0.04 µg N m− 2 h− 1 decrease in N2O flux, respectively 
for the cropland and rice fields. The soil temperature increases N2O flux respectively by 0.13 and 0.2 µg N m− 2 
h− 1(Fig. 8). Despite the low soil nitrogen content with less significant soil moisture and temperature effects on 

Fig. 7.  CH4 response to soil moisture change (% WFPS) and soil temperature classified into three categories 
for 2023 and 2025. Linear regression is displayed in red if the relationship is significant with corresponding r 
value.
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N2O, the investigated sites altogether are N2O sources (Table 2) with no significant difference in mean N2O 
flux. There is no significant linear relationship between soil water content and N2O emissions except at the rice 
fields site where higher soil water content and moderate soil temperature led to N2O sink for the two years. 
Similar conditions associated with lower soil water content (< 40% WFPS) result in N2O release. Below 30 °C, 
the N2O flux is mitigated as both uptake and sink occur. However, the highest N2O flux occurs between 40 

Fig. 8.  N2O response to soil moisture change (% WFPS) and soil temperature classified into three categories 
for 2023 and 2025. Linear regression is displayed in red if the relationship is significant with corresponding r 
value.
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and 60% WFPS at the rice fields site. Moderate soil temperature with low soil moisture (< 30% WFPS) leads 
predominantly to N2O release at the cropland site.

Discussions
This study provides site-specific assessment of soil greenhouse gas emissions across two consecutive rainy 
seasons (2023–2024) in four contrasting land-use types within the West African Sudanian savanna. Importantly, 
it includes, for the first time, measurements from a rainfed paddy rice cultivation system, widely recognized 
as a major source of methane emissions (Guug et al. 2025), alongside savanna forest, cropland, and grassland 
ecosystems. Our results demonstrate that soil at the grassland site was a net source of methane whereas the 
managed cropland site behaves as a sink. Monthly variation of the emissions reveals that both uptake and release 
occur depending on soil water content in response to rainfall events. In a typical cleared savanna, it has been 
demonstrated that the soil behaves as a net methane source56–60. which aligns with our observed CH4 release at 
the grassland site (14.44 ± 9.6 and 10.13 ± 3.5 µg C m− 2 h− 1). Remarkably, the unperturbed soil of the Sudanian 
savanna displays significant methane release while the cultivated cropland indicates a net methane sink (−1.78 ± 
5.5 and − 2.05 ± 3.8 µg C m− 2 h− 1), similar to results reported by Brümmer et al., (2008 and 2009)24,61 in south 
Sudanian savanna of Burkina Faso. Furthermore, Castaldi et al. (2004)62 demonstrated similar evidence in an 
herbaceous savanna (7.2 µg C m− 2 h− 1) and cultivated pasture (−1.5 µg C m− 2 h− 1) of Orinoco (Venezuela) 
unlike Sanhueza and Donoso (2006)63 who reported the opposite in a tropical savanna respectively − 12.6 and 
16.2 µg C m− 2 h− 1. In addition, the woodland savanna methane sink (−2.5 µg C m− 2 h− 1) reported by Castaldi 
et al. (2004)62 also corroborates our observation at the forest reserve (−0.52 ± 5.5 and − 11.48 ± 3.6 µg C m− 2 
h− 1). An average methane sink rate of −40 to −12 µg C m− 2 h− 1 was reported in managed and natural savanna 
systems64–66 which confirms both the observation at the cropland and forest reserve. Castaldi et al. (2006)67 
assessed the uncertainties related to the soil-atmosphere methane exchange in the tropical savanna confirming 
the relatively wide range. Our results revealed that significant methane release occurred at the rainfed rice fields 
(19.10 ± 4.7 and 22.5 ± 5.9 µg C m− 2 h− 1) compared to the other sites for the two years. However, the soil CH4 
flux is significantly less than the reported values (0.2 to 99 mg C m− 2 h− 1) for flooded rice fields55,68,69.

Moreover, this study builds upon and extends the work of Brümmer et al. (2008) by re-examining CH4 and 
N2O emissions across four contrasting land-use types in the Sudanian savanna of West Africa. Across four sites 
the annual mean of N2O emissions varies between 0.011 ± 0.11 and 0.16 ± 0.31 kg N ha− 1 season− 1 which aligns 
with the range reported for a tropical savanna (0.06 to 1.46 kg N ha− 1 yr− 1) by Dalal and Allen (2008)70,71, for 
Australian savannas (0.06–1.08 kg N ha− 1 yr− 1) by Werner et al. (2014)25, and in near-natural and agricultural 
land of Burkina Faso (0.18 and 0.7 kg N ha− 1 yr− 1) by Brümmer et al. (2008)24. Notwithstanding, the ongoing 
debate on the controlling factors, it is reported that either low rainfall or low nitrogen content or the combined 
effect narrows the N2O release or sink25,30,63,72–74. In high rainfall conditions, the suggestion that low soil nitrogen 
content limits N2O emissions75 corroborates our findings. The nitrogen content at the grassland, cropland, and 
rice fields sites is low limiting the emissions.

Except for the forest reserve, a strong signal of N2O emissions is observed during the rainfall onset in June 
(see Table 2). This finding is consistent with previous studies showing that, in tropical ecosystems, the first 
rainfall events at the end of the dry season trigger pronounced N2O emission pulses due to the accumulation 
of ammonium (NH4

+) and nitrate (NO3
−) in soils during prolonged dry periods (e.g., Calvo-Rodriguez et al. 

(2020)51,67,76 in Brümmer et al. (2008)24. Similar CH4 flux dependence on soil moisture was demonstrated in 
South Sudanian savanna by Brümmer et al., (2009). This response to a sudden increase in soil moisture due to 
intense microbial activity after relatively long period of water-stress77 is also reported in the savanna woodlands 
of Zimbabwe78. The soil nitrogen content at the grassland, cropland, and rice fields sites is relatively low (Fig. 
S2). Therefore, the nitrification and denitrification in the soils are limited by poor substrate availability which 
narrows the factors evaluated in this study to mainly the soil moisture and temperature.

Strong contrasts in both magnitude and temporal dynamics are shown in the cumulative fluxes of CH4 across 
the investigated land use types, highlighting the combined roles of hydrological regime, land management, and 
soil biogeochemical controls. Sustained anaerobic conditions favor methanogenesis with the strongest cumulative 
CH4 emissions particularly during mid- to late-season flooding at the Rice fields. In contrast, well-aerated soils 
associated with active methanotrophic consumption in the case of the Forest showed predominantly negative 
CH4 fluxes, acting as net methane sinks throughout most of the season. With site-level heterogeneity indicating 
localized controls, the Cropland displayed intermediate and more variable CH4 responses related to the spatial 
variability of soil moisture, compaction, and organic substrate availability. However, a nearly homogeneous 
release pattern in the cumulative CH4 fluxes is clearly displayed at the Grassland site.

Cumulative N2O fluxes exhibited smaller absolute magnitudes than CH4 but showed noticeable similarity 
between the temporal pattern and magnitude across the land-use types. Cropland and Rice fields generally 
accumulated higher N2O emissions than Forests and Grasslands which is consistent with enhanced nitrogen 
availability and episodic denitrification under fluctuating redox conditions. Remarkably, the temporal evolution 
of N2O differed from CH4, with the land use types exhibiting early-season accumulation followed by stabilization 
or reversal, suggesting shifts between nitrification- and denitrification-dominated pathways as soil moisture and 
temperature evolved. The spatial heterogeneity of GHG production within land use types is emphasized by the 
chamber-level variability and confidence intervals. The contrasting patterns between 2023 and 2024 indicate 
a strong sensitivity of both gases to interannual climatic variability. Altogether, these results demonstrate that 
land-use type governs the dominant greenhouse gas pathway during the rainy season, with CH4 dominating 
climate forcing in flooded systems and N2O contributing disproportionately in managed upland soils when 
expressed in CO2-equivalent terms (Fig. S3a-b).

The nitrogen isotopic ratio δ15N of the soil profiles collected at the grassland, cropland, and rice fields 
indicates that they receive enriched animal manure with losses resulting from nitrification and denitrification 
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processes leading to further enrichments of the soil δ15N (Fig. S2). The values of the δ15N ratio vary between 
3.0 and 5.6‰ with an average of 4.1 ± 0.5‰ at the cropland site, 1.9 and 5.2‰ with an average of 3.8 ± 0.4‰ 
at the grassland site, and 2.0 and 6.0‰ with an average of 3.9 ± 0.4‰ at the rice fields (Fig. S2). This finding is 
also consistent with previous studies, including the investigations of Gerschlauer et al. (2019)54, which reported 
similar soil responses across the Mount Kilimanjaro elevation range (0–8‰), thereby corroborating our results. 
Similar evidence is reported recently in a heterogeneous landscape of the Schwingbach catchment79. Though 
the profiles display similar nitrogen δ15N ratios, the nitrogen content is relatively low for the three sites (Fig. 
S2). The average nitrogen content values are respectively 0.04 ± 0.01%, 0.04 ± 0.01%, and 0.05 ± 0.01% for the 
grassland, cropland, and rice fields, respectively. This low level of nitrogen substrate availability is a major factor 
that justifies the consequent limited N2O emissions.

Conclusions and policy implications
At the regional scale, this study provides important insights for climate assessment, land management, and 
policy development in West Africa, a region where observational data on land-atmosphere greenhouse gas 
(GHG) exchanges remain scarce. By quantifying soil CH4 and N2O fluxes across four dominant land-use types 
in the Sudanian savanna over two consecutive rainy seasons (2023–2024), this work extends earlier regional 
assessments (e.g., Brümmer et al., 2008, Yaro et al., 2024)21,24,80–82. Notably, it incorporates, for the first time, 
measurements from a rainfed paddy rice system, which is widely recognized as a significant source of methane 
emissions, alongside savanna forests, croplands, and grassland ecosystems. The results reveal that methane 
dynamics are strongly shaped by land use. Rainfed paddy rice systems emerged as the largest CH4 sources, 
highlighting the key role of soil water saturation in creating anaerobic conditions favorable to methanogenesis2. 
In contrast, the forest reserve primarily functioned as a methane sink, while grassland ecosystems acted as net 
sources with pronounced temporal variability driven by fluctuations in soil moisture and temperature. Cropland 
soils exhibited comparatively low methane fluxes and frequently behaved as weak sinks, suggesting that 
cultivation practices can suppress CH4 emissions relative to unmanaged grasslands. Across all land-use types, 
soil water content was identified as the dominant control on methane fluxes, particularly during rainfall onset, 
whereas soil temperature exerted a secondary but opposing influence, most notably in rice systems. In contrast, 
nitrous oxide emissions remained consistently low and showed no significant differences among land-use types 
or between years. This pattern indicates that limited soil nitrogen availability constrains N2O production in the 
Sudanian savanna, reducing the sensitivity of emissions to soil moisture and temperature relative to nitrogen-
rich ecosystems. Under current management conditions, these findings suggest that though N2O magnitude in 
kg N ha− 1 season− 1 might be less than the CH4 in kg C ha− 1 season− 1, it contributes significantly more to the 
regional GHG balance than methane in terms of the global warming potential in CO2-equivalent. Following the 
IPCC AR6 global warming potentials, we show that non-CO2 greenhouse gas emissions from agricultural land 
uses exert a disproportionate influence on seasonal CO2-equivalent budgets compared to natural ecosystems. 
Our findings emphasize that effective climate mitigation in tropical landscapes requires integrated management 
approaches targeting both CH4 production under anaerobic conditions and N2O emissions driven by nitrogen 
cycling. From a policy and land-management perspective, these results underscore the importance of land-
use-specific mitigation strategies rather than uniform approaches. Rice cultivation represents a clear methane 
emission hotspot, indicating substantial mitigation potential through improved water management practices 
such as intermittent flooding or drainage. Conversely, conserving forest cover can enhance methane uptake, 
reinforcing the climate mitigation value of forest protection. Grassland management strategies that minimize 
prolonged soil saturation may further help reduce episodic methane emissions.

Limitations
Capturing fully the heterogeneity of soils, management practices, and microclimatic conditions across the 
broader Sudanian savanna region remain a challenge despite the spatial scope and temporal frequency of 
the measurements. Only the rainy seasons were covered for two years and temporal resolution was restricted 
to weekly excluding dry-season fluxes and short-lived emission pulses following extreme rainfall that could 
influence annual greenhouse gas budgets. Absence of detailed measurements of soil nitrogen transformations 
and microbial processes constrains the mechanistic interpretation of N2O dynamics. This limits the ability to 
generalize controls beyond the observed environmental drivers.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author 
upon reasonable request.
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