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Abstract

This study investigated greenhouse gas (CO2, CHa4, N20) and reactive nitrogen (NO) fluxes at

30 three West African savanna sites: the international research reserve of Lamto (Taabo district,
Cote d’Ivoire), the Observatoire de Recherche en Environnement de Nambekaha (OREN)
(Korhogo, Cote d’Ivoire), and the Centre de Recherches Zootechniques (Dahra, Senegal).
Measurements were carried out during intensive field campaigns conducted in 2024 and 2025,
during the wet seasons at the three sites, across tree areas and grassy areas in savannas, and

35 cropland ecosystems subjected to different treatments from March 2023 to September 2025.
Overall, soil moisture, vegetation type (grassy areas, trees areas, crops) and site location (Lamto,
Dahra, Nambekaha) were the main factors controlling gas fluxes (CO2, NO and CH4), whereas
treatments containing different ratio of nitrates and ammonium had no significant effect
according to the statistical analysis (ANCOVA).
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40  CO: fluxes ranged from 8.21 £ 2.5 to 91.35 + 73.2 pg C m2 s”! and were controlled by soil
moisture, with a decrease in soil respiration as water content increased (f =—1.105 = 0.236 pg
Cm?s™; p<0.001), due to a limitation of oxygen diffusion in the soil, highlighting the key
role of soil moisture in regulating both heterotrophic microbial respiration and autotrophic plant
respiration, in relation to soil aeration conditions. NO emissions, ranging from 0.01 + 0.0 to

45 49739+ 146.3 ng N m2s!, showed a significant correlation with vegetation type. The highest
values were observed in the cropland plots of Nambekaha (f = +76.779 + 15.82 ng Nm?2s™;
p <0.001) compared with natural savannas, reflecting intensified nitrification processes linked
to background fertilization inputs (150 kg NPK ha™! yr).

CH.4 fluxes were primarily determined by vegetation type: grassy areas within savannas

50 behaved as net sources (f = +3.836 + 0.62; p < 0.0001), whereas croplands acted as sinks,
suggesting methanotrophic activity capable of oxidizing atmospheric methane in the soil. In
contrast, N>O fluxes were mostly low or even negative across all ecosystems and treatments,
with no significant relationship to soil moisture, vegetation type, or treatments. The results
indicate that soils could occasionally function as net N-O sinks: indeed, N>O uptake may occur

55  in nitrogen-poor soils under oxic conditions where the limited availability of mineral nitrogen
restricts N2O production and where atmospheric N>O diffuses easily into the soil.

These findings highlight the microbial and environmental coupling of carbon and nitrogen
dynamics in tropical savanna soils and provide critical insight for predicting greenhouse gas
and reactive gas emissions under changing land-use conditions.

60 Keywords: greenhouse gas; reactive nitrogen; biogeochemical cycles; soil moisture; vegetation
type; West Africa, emissions; soil processes.
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1. Introduction

Greenhouse gases (GHGs) emission increase is today among the main drivers of global climate

75  change. They play a central role because of their combined contribution to radiative forcing and
their involvement in terrestrial and atmospheric feedbacks (World Meteorological Organization,
2022; IPCC, 2021; Ravishankara et al., 2009; Tian et al., 2020). In parallel, short-lived nitrogen
oxides (NO) strongly influence the formation of tropospheric ozone, a secondary pollutant with
major health and climate impacts (Fadnavis et al., 2025).

80  CO: fluxes from soils are mainly driven by autotrophic and heterotrophic respiration, whereas
CHjs fluxes are largely controlled by microbial methane oxidation in soils. N2O and NO fluxes
mainly result from nitrification and denitrification processes. These greenhouse gas and
reactive compound fluxes are highly sensitive to environmental factors such as soil moisture
and temperature, mineral nitrogen availability, soil structure and organic matter content (Bratti

85 etal., 2022; Davidson and Verchot, 2000; Liu et al., 2022; Robertson et al., 2000, Butterbach-
Bahl et al., 2013; Lu et al., 2022; Syakila and Kroeze, 2011).

Tropical regions, especially in Africa, play a decisive role in these dynamics. They host a wide
diversity of soils and ecosystems, ranging from humid forests to dry savannas, including
croplands and fallows. Yet, despite their ecological and climatic importance, these regions
90 remain among the least documented in the world regarding GHGs and reactive nitrogen fluxes
(Daelman et al., 2025; Reay et al., 2012; Stehfest and Bouwman, 2006). West Africa in
particular is dominated by savanna ecosystems that cover vast areas and exhibit strong climatic
gradients from south to north. These savannas, subjected to a strong alternation between dry
and wet seasons, constitute ideal environments for studying pulsed emissions, particularly for
95  COa, N20 and NO.

The few studies previously conducted in West Africa reveal considerable heterogeneity in N-O
and NO fluxes, reflecting strong gradients in soil texture, organic matter content, agricultural
practices, atmospheric deposition, and moisture conditions (Delon et al., 2010; Serca et al.,
1998). The distribution of vegetation is driven by the precipitation gradient and influences N

100 and C fluxes between the soil and the atmosphere through decomposition and quality of organic
matter (Parton et al., 2007), absorption of mineral N by growing plants (Potter et al., 1996),
inhibition of nitrification by specific grasses, and stimulation by trees (Srikanthasamy et al.,
2018). Each system encompasses specific processes in driving the N and C cycles in the soil,
combined to environmental and climatic conditions. Therefore, the study of N and C cycles in

105  one specific site needs to include the comparison of soil processes in each area, i.e. grass and
tree areas. In addition, to cover a broader range of systems, it is necessary to incorporate studies
of processes in crops in order to understand the disturbance of biogeochemical cycles caused
by human activity.

Although soils are most often considered as sources of N>O, recent studies in tropical regions
110 indicate that they can also function as temporary, or even net, sinks (Chapuis-Lardy et al., 2007;
Gallarotti et al., 2021). By contrast, upland soils are generally considered as sinks of CHs
because atmospheric methane is oxidized by methanotrophic microorganisms under well

3
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aerated conditions, whereas water saturated and oxygen limited soil can become source of CH4
(Lim et al., 2024; Song et al., 2024). Whether soils act as net sources or net sinks of greenhouse
115  gases largely depends on soil moisture conditions, soil aeration status, mineral nitrogen
availability, and microbial activity (H. Liu, Li, et al., 2022; H. Liu, Zheng, et al., 2022).
Rewetting pulses, initiated by the first rains following a dry period, are particularly well
documented as moments of high N2O and NO release (Krichels et al., 2022; Leitner et al., 2017,
Leitner et al., 2024; Yagle and Gelfand, 2025). Despite these pioneering contributions, it
120 remains difficult to generalize the biogeochemical behavior of rural tropical soils due to the
lack of long-term measurements and the absence of datasets covering broad climatic gradients.

Atmospheric nitrogen deposition is another key factor capable of altering gaseous emission
dynamics. Since the industrial era, reactive nitrogen deposition has increased markedly
worldwide as a result of agriculture, industrialization, and traffic, with emerging hotspots in

125  developing countries at low latitudes, including West Africa (Lamarque et al., 2013; Ossohou
et al., 2021; Vet et al., 2014). Increased nitrogen deposition can stimulate soil N compound
emissions at the global scale, as shown by recent syntheses directly linking nitrogen inputs to
enhanced N-O fluxes (Cen et al., 2024). In African savannas, where soils are often nutrient-
limited, even small increases in available nitrogen can trigger strong responses. Furthermore,

130 the partition of deposited nitrates vs ammonium by rain is an important information as each
compound will not have the same effect on soil processes (and subsequent emissions to the
atmosphere). Both nitrogen species deposition might not be impacted the same way by
anthropogenic activity in the future.

Given these elements, understanding GHGs and reactive nitrogen fluxes from tropical soils is

135 essential for improving regional and global emission budgets as well as for refining
biogeochemical and climate models. Indeed, most current models face large uncertainties when
simulating emissions in tropical regions due to the scarcity of local data (Song et al., 2024; Van
Lent et al., 2015; W. Wang et al., 2013), particularly in rural areas. These uncertainties are
further amplified in dry and semi-arid environments, where the limited number of field

140 measurements and the strong nonlinearity of biogeochemical processes complicate the
parameterization of emissions.

The present study is part of the NitroAfrica project which aims to understand the impact of wet
nitrogen deposition on soil processes, vegetation, and fluxes to the atmosphere. Within the
NitroAfrica framework, this study is more specifically interested in investigating gas exchanges
145  between soils and the atmosphere and to assess the impact of wet nitrogen deposition on these
fluxes. It aims to quantify, compare, and analyze CO2, CHa4, N20, and NO fluxes at three rural
sites in West Africa spanning a broad ecoclimatic gradient from humid to semi-arid savannas:
Lamto (Cote d’Ivoire) represents a humid savanna (Konan et al., 2021), Dahra (Senegal) a
Sahelian arid savanna (Laouali et al., 2021) and Nambekaha (Cote d’Ivoire) a Sudanian savanna.

150  This south-north gradient provides an ideal framework for investigating how climatic, edaphic,
and atmospheric factors modulate soil-atmosphere trace gas exchanges. Measurements
conducted in 2024-2025 made it possible to compare fluxes across the three sites, and to assess
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if CO2, CHa4, N2O and NO exchanges show similarities or differences with patterns usually
highlighted in equivalent ecosystems.

155  Several questions will be raised in this study: (i) does the response of fluxes depend on
vegetation type (tree vs grass vs crops)? (ii) how are the fluxes influenced by the precipitation
regime (less intense fluxes in drier areas)? (iii) does the partition in nitrates and ammonium in
wet deposition influence the gas exchanges? Answering those questions in this study will help
in (1) better characterizing natural GHGs and NO soil-atmosphere exchanges in tropical rural

160 zones in Sub Saharan Africa (SSA); (2) evaluating the influence of atmospheric nitrogen
deposition and moisture variability on fluxes to the atmosphere; (3) determining the rank of
importance in influencing variables (nitrogen deposition, soil moisture, vegetation type, sites)
on gas exchanges between the soil and the atmosphere.

2. Materials and Methods
165  2.1. Study Sites

The study was conducted at three contrasting sites located along a south—north climatic gradient

in West Africa: Lamto, Nambekaha, and Dahra (Fig 1). These sites represent ecological zones

ranging from humid savanna to Sahelian savanna from South to North, providing an ideal

framework for studying the variability of greenhouse gas and reactive nitrogen exchanges
170  Dbetween the soil and the atmosphere.

o Lamto (Cote d’Ivoire, 6°13'N, 5°02'W)

The Lamto site is located in Cote d’Ivoire, within the Taabo district, approximately 120 km
northwest of Abidjan, along the banks of the Bandama River, and covers an area of about 2617
ha. It is situated at about 6°13' N latitude and 5°02' W longitude. Lamto is an international

175  scientific research platform constituted by two stations, the ecological station supervised by the
Centre de Recherche en Ecologie from University Nangui Abrogoua, and the geophysical
station supervised by the Laboratoire des Sciences de la Matiére, Environnement et Energie
Solaire (LASMES), Félix Houphouét-Boigny University.

The ecological research station is dedicated to the study of savanna ecosystems, with the main

180 objectives of understanding the structure, functioning, and dynamics of tropical savannas,
including interactions between vegetation, soils, and climate. Studies conducted there are
interesting in investigating the biogeochemical cycles of carbon and nitrogen and the processes
controlling greenhouse gas exchanges between soils, vegetation, and the atmosphere, and
producing long-term datasets (Abbadie et al., 2006; Tiemoko et al., 2020). The geophysical

185  station focused on climate change through continuous measurements of meteorological
parameters and atmospheric chemical composition, in order to better understand local and
regional atmospheric processes and their interactions with ecosystems and rural environments
(Diawara et al., 2014; Ossohou et al., 2021; Tiemoko et al., 2023).

Mean annual rainfall amounted to 1090.9 mm in 2018, 1508.2 mm in 2019, and 1101.4 mm in
190 2020, yielding an average of 1233.5 + 238 mm (Diaby et al., 2023). The wet season extends
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from April to October and the dry season from November to March. The rainfall profile at
Lamto is bimodal, with maximum rainfall in June and October. Vegetation is dominated by
grasses, mainly Hyparrhenia diplandra (Koffi et al., 2019; Srikanthasamy et al., 2018), forming
a mosaic of grassy areas and trees areas in savannas, and gallery forests along watercourses. It

195 s typical of the forest—savanna transition zone at the tip of the “V-Baoulé” in Cote d’Ivoire.
Soils are hydromorphic ferruginous soils, composed of approximately 77% sand, 14% silt, and
9% clay (Srikanthasamy et al., 2018). Soil pH measurements conducted during the field
campaigns revealed slightly basic soils, with a mean pH of 7.24+0.07

e Nambekaha (Céte d’Ivoire, 9°18'N, 5°43'0)

200 The Nambekaha study site was selected for the establishment of the Observatoire de Recherche
en Environnement de Nambekaha (OREN), under the coordination of Peleforo Gon Coulibaly
University (UPGC, Korhogo). Mean annual rainfall in Korhogo (25 km away from Nambekaha)
was 1160.1 mm in 2018, 1162.5 mm in 2019, and 1083 mm in 2020 (average 1135.2 + 45.2
mm, Diaby et al., 2023). Korhogo is characterized by a unimodal rainfall regime with a single

205  wet season from April to October and a single dry season from November to March (Diaby et
al., 2023). OREN is an interdisciplinary scientific infrastructure dedicated to the study of
environmental dynamics, including climate, hydrology, biodiversity, soils, and agricultural
activities. The area represents a hotspot for the expansion of cotton, rice, and cashew cultivation,
all of those crops relying on fertilizer inputs for production (Diaby et al., 2023). Soil pH

210  measurements conducted during the NitroAfrica field campaigns revealed slightly acidic soils,
with a mean pH of 6.78 + 0.08. To date, no detailed study has yet been published on the physico-
chemical of soils characteristics and the vegetation type at the OREN site, representing a
significant gap in our understanding of this ecosystem. In addition, the agricultural site of
Nambekaha received 150 kg NPK ha™ yr! fertilizer inputs in 2024 before our field campaign.

215 e Dahra (Senegal, 15°24'N, 15°26'W)

The Dahra study site is located in the Sahelian sylvopastoral zone of northwestern Senegal,

within the Centre de Recherches Zootechniques (CRZ), an experimental station operated by the

Institut Senegalais de Recherche Agricole (ISRA) (15°24'10" N, 15°25'56" W). The CRZ of

Dahra is one of the major Sahelian research sites dedicated to the study of pastoral systems,
220 savanna dynamics, and soil-vegetation—livestock interactions (Tagesson et al., 2015).

The climate is Sahelian, characterized by a unimodal rainfall pattern. The rainy season lasts on
average about 3 to 4 months from July to October. Between 2012 and 2020, the site recorded
an average annual rainfall of 380 mm, with strong interannual variability (271-529 mm, Delon
et al., 2022). Mean annual temperature is around 28.9 °C (Sene et al., 2017).

225  Soils at the CRZ of Dahra have a high sandy texture, consisting of approximately 89% sand
and 6.3% clay. In the 0-5 cm surface layer, soil pH ranges from 6.2 to 7.4, indicating an overall
neutral but spatially heterogeneous soil environment (Delon et al., 2022).

Tree cover at the CRZ is low, ranging from 3% (Rasmussen et al., 2011) to 6.4% (Tagesson et
al., 2015). Dominant tree species include Acacia raddiana, Balanites aegyptiaca, Acacia
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230  senegal, Acacia tortilis, and Leptadenia hastata. The herbaceous layer is dominated by grasses
such as Dactyloctenium aegyptium, Aristida adscensionis, Cenchrus biflorus, Eragrostis
tremula and diodela sarmentosa. These grasses, adapted to short wet-dry cycles, provide most
of the forage resource during the growing season (Miehe et al., 2010).

The CRZ of Dahra operates as an open sylvopastoral system where grazing occurs permanently

235  throughout the year. The livestock includes mainly cattle, sheep, and goats. Grazing pressure is
estimated between 242 and 1210 animals over approximately 500 ha, nearly four times the
regional average (Agbohessou et al., 2024).

-

3- Dahra-savanna & Dahra-cropland (Senegal) \

Sudanian mesic savanna
mm Guinean forest

Guinean humid savanna
mm Sahelian dry savanna

N P

/ 2- Korhogo-savanna & Korhogo-cropland (Céte d’ivoire) \

L BTN

land (Cote d’Ivoire) \

[ 1- Lamto-savanna & Lamto-crop

Figure 1: Locations of the three measurement sites on the Nambekaha (Korhogo)-Lamto-Dahra transect :

240 (1) map of Lamto vegetation in Cote d’Ivoire, (2) map of Nambekaha (Korhogo) vegetation in Cote
d’Ivoire and (3) map of Dahra vegetation in Sénégal. The ecoclimatic base map was provided by the
NitroAfrica project team. The ecoclimatic background map was provided by the NitroAfrica project
team (credit: NitroAfrica project). Site location panels are based on satellite imagery from Apple Maps
(© Apple / TomTom / Maxar, as applicable) and were annotated by the authors.

245  2.2. Experimental Design

Atmospheric nitrogen (N) deposition is increasingly recognized as a major global change driver
affecting tropical ecosystems (Lamarque et al., 2013; Matson et al., 1999; Zhang et al., 2021).
At the Lamto site (Cote d’Ivoire), Ossohou et al. (2021) reported a significant increase in wet
nitrogen deposition over the period 1994-2015 with the annual rise of +3.25% yr'. Wet

250  deposition represents the dominant component of total atmospheric nitrogen deposition (wet +
dry) at Lamto, accounting for approximately 70% of total N deposition. At a broader scale,
projections suggest that N deposition to ecosystems, particularly in wet form, could increase by
nearly 50% by 2100 (Lamarque et al., 2013).
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In this context, a 2.5 years field experiment was conducted at the three sites (Lamto, Nambekaha,

255  Dahra), to investigate the effect of different ratios of oxidized (nitrates, NO3") and reduced
(ammonium, NH4") N deposition. The study focused on three major ecosystem types at each
site: grass-dominated areas, tree-dominated areas, and cultivated fields. Crop types differed
according to site and year to reflect local agricultural practices. At Lamto, experiments were
conducted in maize fields during the 2024 and 2025 growing seasons. At Nambekaha, cotton

260  was cultivated in 2024 and rice in 2025, whereas at Dahra, peanut crops were studied in 2024
and bean crops in 2025.

In the following, results will be presented referring to grass area, trees and crops. Each
ecosystem type consisted of 16 experimental plots corresponding to four treatments with four
replicates per treatment. Consequently, a total of 48 plots were established per site. Individual

265  plots measured 2.5 m x 2.5 m (6.25 m?) and were separated from one another to minimize lateral
transfer and cross contamination between treatments.

Four types of solutions corresponding to distinct nitrogen treatments were prepared and applied
to experimental plots prior to each measurement campaign. These treatments were designed to
simulate future atmospheric wet N deposition scenarios. The target nitrogen concentrations

270  were calculated by applying the annual increase of 3.25% reported by Ossohou et al., 2021 to
the currently measured and published nitrate (NOs~) and ammonium (NHa4") concentrations in
rainfall at Lamto (Ossohou et al, 2021), Korhogo (Diaby et al, 2023), and Dahra (Laouali et al,
2021), in order to estimate projected nitrogen concentrations for the year 2050. The resulting
target concentrations for each treatment are presented in Table A1 (Appendix A). Therefore, N

275  was added according to different nitrate -to-ammonium partitioning scenario corresponding to
the target nitrogen concentration (N-NOsz™ + N-NH4" = N target). Three treatments and control
were applied:

1. Control (C): no additional N (ambient control). Plots watered with forage water;

2. Solution S; (Treatment S;): forage water with addition of nitrogen solution composed
280 of 30% N-NOs~ and 70% N-NH.*; referred to as a business-as-usual scenario, as this
nitrate-to- ammonium partition reflects the current N partition in rainfall.

3. Solution S; (Treatment S;): forage water with addition of nitrogen solution composed
of 25% N-NOs~ and 75% N-NH."; realistic future scenario (moderate increase in
ammonium dominance)

285 4. Solution S3 (Treatment S;): forage water with addition of solution composed of 12%
N-NOs™ and 88% N-NH.", drastic change scenario (strong dominance of reduced forms
in deposition)

The watering schedule for the three study sites is summarized in Table A2 (Appendix A).

Watering volumes were calculated to be as close as possible to 3% of the annual rainfall at each
290  site to ensure that the additional water input remained negligible relative to natural precipitation.
Watering events were distributed throughout the rainy season and designed to follow the
seasonal variability of the rainfall patterns at each site. The frequency and the number of

8
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watering events were determined according the duration and distribution of the rainy seasons,
as well as the number of months receiving significant precipitation.

295 2.3 Treatment protocol

Rainwater samples and local forage water were collected at each site and analyzed at the

Laboratoire d’Aerologie (LAERO, Toulouse) using ionic chromatography to determine the

nitrate and ammonium concentrations. All chemical analyses were performed using qualified

and standardized procedures in accordance with the protocols described by Ossohou et al. (2021)
300 and Laouali et al. (2021).

The Si, Sz and Sz watering solutions were prepared by dissolving nitrate and ammonium salt
(NH4Cl and NaNO3) in local forage water. Because forage water already contained background
nitrate concentrations, site specific corrections were applied when calculating the amount of
nitrates to be added.

305 At Lamto, nitrate concentrations in forage waters were low enough to avoid blank correction.
In Nambekaha, forage water contained 0.171 mg L' NOs", consequently 0.2 mg L' NOs™ was
subtracted from the calculated nitrate addition. In Dahra, nitrate concentration in forage water
reached 0.839 mg L' NOs™ in 2024 and 0.4 mg L' NOs™ in 2025. As for Nambekaha, these
background concentrations were subtracted from the calculated nitrates to be added.

310  The nitrogenous salts were weighted and sent to the experimental sites in individual pill boxes.
Each pill box contained the exact quantity of salts required to prepare 1L (by dissolution in
forage water) of concentrated mother solution corresponding to Si, Sz and S3. To obtain the
final treatment concentrations, 10 mL (or 15 mL) of each mother solutions were diluted in
watering cans containing 10 L of forage water (or 15 L) for Dahra and for Lamto/Nambekaha,

315  respectively.

In 2025, the forage previously used in Nambekaha during 2023 and 2024 became unavailable,
and water had to be collected at an alternative forage where nitrate concentration was elevated
(6.39 mg L! NO5"). Under these conditions, it was not possible to sufficiently reduce nitrate
concentrations to prepare realistic S; and S, solutions. Consequently, only S3 treatment was

320 prepared, without nitrate addition and using ammonium supplementation only. Therefore,
during the 2025 campaign in Nambekaha, plots assigned to C, S; and S, did not received
experimental watering and were exposed solely to natural rainfall.

2.4. Flux Measurement and calculation

Rectangular stainless-steel chambers (base 40x20cm, height 18 cm including frame) were used
325 for flux measurements. Each chamber was mounted on a frame made of the same material,
which was previously inserted about 5 cm into the soil to ensure stable installation. The frame
was equipped with a water-filled groove allowing an airtight fit of the chamber and ensuring
system tightness by preventing any intrusion of outside air during measurements. This chamber
design is described in Serca et al., 1994. The chambers were connected to gaseous ambient air
330 analysers by approximately 11 m of Teflon tubing. Each measurement series consisted in 10
minutes closure time to allow the accumulation of air within the chamber, followed by a purging

9
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time of 5 minutes (Duthoit et al., 2020). This cycle of 10 minutes of accumulation and 5 minutes
of ventilation was repeated for all plots, ensuring the representativeness and reproducibility of
the recorded fluxes. The Picarro G2508 is a high-precision multigas analyzer that enables the
335 simultaneous measurement of several greenhouse gases and reactive compounds, including
CO:, CH4, NHs, N20, as well as water vapor (H20). It was deployed across all experimental
sites to specifically quantify CO2, CH4, and N2O fluxes exchanged between the soil and the
atmosphere.
The minimum detectable fluxes MDF were estimated at 0.0007 pg C m 2 s™! for COz, 0.002 ng
340 Cm?2s'for CHsand 0.026 ng N m2s' for N>O. This MDF were calculated using the approach
and formula described by Ba et al., 2026 based on the original method proposed by Zaman et
al., 2021.

The Teledyne T200 UP is a high-precision analyser dedicated to the measurement of nitrogen
oxides, particularly nitric oxide (NO), based on chemiluminescence technology (Teledyne API,

345  2024). The analyser has a typical detection limit of approximately 0.5 ppb for NO which
correspond to a minimum detectable flux (MDF) of 0.00446 ng N m2s™' . it should be noted
that only fluxes exceeding the detection limit of the measuring instruments are presented in the
results.

Fluxes F were calculated from the linear regression of the cumulative gas concentration inside

350 the chamber as a function of time. The slope of this linear regression, corresponding to the
initial portion of the increase in the chamber (first 5-8 minutes) is (AC/At) is used in the
following Eq. (1) for the flux calculation:

P AC V P L

T at “ATRXT @
where:

355 e F=gasflux (ugCm2s’, ngCm?2s’, uygNm?2s'orngNm?2s"),

o AC/At =rate of change in gas concentration (ppm s or ppb s™),
eV =chamber volume (0.016 m?),
e A =soil surface area covered (0.08 m?),
o P =atmospheric pressure (101325 Pa),
360 o T =ambient temperature (306 K),
o R =universal gas constant (8.314 J mol™ K™").

Fluxes were considered valid and kept in the data set for subsequent analysis when the
coefficient of determination (R?) of the linear regression exceeded 0.90 for CO2 and NO, and
0.50 for CHs and N:2O. Applying the coefficient of determination (R?) criterion lead to the
365 following statistics: in 2024, 100% of the CO: fluxes were validated (144 fluxes), 99% of the
CHa fluxes (142 fluxes), 53% of the N>O fluxes (77 fluxes) and 99% of the NO fluxes (95 fluxes :

no measurements were conducted at Dahra). In 2025, 100% of the CO- and CH4 measurement
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were validated (144 fluxes), 80% of the N2O fluxes (115 fluxes) and 99% of the NO fluxes (143

fluxes). Flux values were converted into mass-based units and expressed as ug C m2 s for
370 COz,ng Cm™2s! for CHs, and ng N m2 s for N2O and NO.

2.5. Field Campaign Periods

Intensive measurement campaigns were conducted in 2024 and 2025 following the schedule

given in Table 1.

Table 1: Schedule of intensive measurement campaigns conducted in 2024 and 2025 at the three study
375  sites during the wet season.

Sites 2024 Campaigns 2025 Campaigns
Lamto June 16 to18, 2024 June 27 to 30, 2025
Nambekaha June 22 to 25, 2024 July 3 to 7, 2025
Dahra September 28 to October 2, 2024 September 23 to

25,2025

(No NO/NO: measurements were conducted due
to a malfunction of the Teledyne T200P-UP
analyser.)

Flux measurements were done once in each experimental plot each year, i.e. 16 plots x 3
ecosystems x 3 sites x 2 years = 288 fluxes.

2.6. Soil moisture measurements

Soil moisture was measured simultaneously at a depth of 8 cm in the experimental plots using

380 TMS-4 probes. These sensors, known for their accuracy and stability, record soil hydrological
and thermal parameters at a 15-minute sampling frequency. The measurement depth
corresponds to the most active zone of the soil in terms of respiration and microbial processes
involved in the production and/or consumption of the studied gases (CO2, CH4, N20) and
reactive nitrogen (NO).

385  Soil moisture was calculated using the following calibration Eq. (2):
y=ax?+bx+c 2)

Where y is the soil moisture and x the registered electromagnetic pulse (Wild et al., 2019).
Coefficients a, b, and ¢ were determined according to soil composition
(https://tomst.com/web/en/systems/tms/software/). The values corresponding to each site are
390 reported in Table 2 and derived from the following information: At Lamto site, the soil is sandy,
composed of 77% of sand, 14% of silts and 9% of clays (Abbadie et al., 2006; Srikanthasamy
et al., 2018). At Nambekaha site, as the exact characteristics of the soil were not provided, we
estimated that the soil is composed of 62% of sand, 14% of silts and 24% of clay (based on
visual comparison with Lamto soils). Finally, at the Dahra site, the soil is composed of 89% of
395  sand, 4.7% of silts and 6.3% of clay (Delon et al., 2022).

Table 2: Soil moisture parameters

Sites a b c
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Lamto -1.96.10°% 2.68.10 -0.17
Nambekaha -2.53.10°% 3.2.10* -0.22
Dahra 1.99.108 2.61.10* 0.16

2.6. Soil pH measurement

Soil pH measurements were conducted at the Lamto and Nambekaha sites in 2024 across the
three types of vegetation (trees, grass, and crops). In each experimental plot, soil samples were

400 collected at a depth of approximately 20 cm after removing the surface layer. Soil pH was
determined using a portable soil pH meter (HI98168, Hanna Instruments) equipped with a
specific electrode (HI12923) with automatic temperature compensation. Prior to measurements,
the instrument was calibrated using standard buffer solutions (pH 4.01 and 7.01), and the
electrode was rinsed with distilled water. In addition, a solution-based method was applied to

405 improve accuracy: soil samples were dried and sieved to 2 mm, after which 10 g of soil were
weighed and mixed with 25 mL of HI7051 extraction solution. The mixture was stirred for 30
seconds, allowed to rest for 5 minutes, and then the pH of the solution was measured. Two
measurements were performed in each plot to account for spatial heterogeneity. The obtained
values were then averaged at the plot scale, and an overall mean was calculated for each site by

410  integrating the three ecosystems, in order to obtain a representative estimate of soil pH at the
scale of the site.

2.7. Statistical analysis

Statistical analyses were performed using R software (version 4.5.0). The effects of soil
moisture, treatments, site, and vegetation type on flux responses were evaluated using a linear
415  model (analysis of covariance, ANCOVA).

In this framework, soil moisture was considered a continuous covariate, while control (C) and
treatments (S1, Sz, S3), site (Lamto, Dahra, Nambekaha) and vegetation types (trees, grass, crops)
were considered as fixed factors. It should also be noted that soil moisture data for 2024 at the
Dahra site for crops were not included due to a malfunction of the TMS4 probe. The model was

420 fitted using the ordinary least squares method, and the significance of the explanatory variables
was assessed using Fisher’s tests (F-tests) derived from the model ANOVA. Only main effects
were considered in this model.

Collinearity among explanatory variables was assessed using the Variance Inflation Factor
(VIF). A VIF value close to 1 indicates the absence of collinearity between explanatory

425  variables, confirming that soil moisture, site, control and treatments, and vegetation type
independently contribute to explaining gas fluxes. Verifying these conditions ensures the
validity of the statistical tests and prevents misinterpretation (VIF > 5) regarding the
significance of the studied factors on the measured fluxes.

When factor effects were significant, post hoc comparisons between levels were performed
430  using estimated marginal means. The threshold for statistical significance was set at p = 0.05.
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3. Results

3.1. Soil moisture

The daily soil moisture levels measured during the intensive field campaigns conducted in 2024
and 2025 across the three study sites are displayed in Fig. 2. At Nambekaha site, a maximum

435  value was recorded, reaching 45.38 £ 0.08% in 2025 (see Table B1 in Appendix B) under grass
cover.

At Lamto, soil moisture in the cultivated plots in 2024 and 2025 is slightly lower compared to
Nambekaha, with a maximum of 33.47 £+ 1.29% in 2025 (see Table B1 in Appendix B).

In contrast, the Dahra site is characterized by much drier conditions. In the savanna, maximum
440  soil moisture reaches only 26.58 = 0.05%, corresponding to a peak observed on 25 September
2024 (see Table B1 in Appendix B).

An interannual comparison of soil moisture was conducted for each site and ecosystem
(Student’s t-test, p < 0.05) using daily soil moisture data corresponding to the measurement
campaign periods in 2024 and 2025, excluding the crop plot at Dahra due to a data issue in

445 2024 (Fig. 2). The results indicate significant variability in soil moisture mainly in grass and
tree areas of the savanna plots (see Table B2 in Appendix B) between both years. At Lamto,
soil moisture is significantly higher in 2025 than in 2024 in crop plots (24.5 + 1.45% in 2024
vs 31.5 £ 1.58% in 2025, p < 0.001) and under trees (30.9 + 0.39% in 2024 vs 41.0 £ 4.17% in
2025, p = 0.017). A significant higher soil moisture was also observed under trees at

450 Nambekaha (30.4 + 2.34% in 2024 vs 39.0 + 5.31% in 2025, p = 0.039), whereas at Dahra a
significant lower soil moisture was recorded in the tree area (21.8 £ 4.67% in 2024 vs 13.4 +
1.17% in 2025, p = 0.033). In contrast, the grass ecosystem showed no significant interannual
variation across the three sites (see Table B2 in Appendix B).

Year [0 2024 [@ 2025

(a) Trees (b) Grass (c) Crops
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455  Figure 2: Daily soil moisture (%) at Nambekaha, Lamto and Dahra across each ecosystem: (a) Trees,
(b) Grass, and (c) Crops during the field campaigns.
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3.2. CO: fluxes

Overall, CO: fluxes are higher across the different ecosystems in 2025 compared to 2024 (+ 2

to 130%). In general, CO: emissions at the Dahra site across the three ecosystems, as well as in
460 the crop system at Nambekaha, were consistently higher in 2025 than in 2024 (Fig. 3). The

increase in emissions in 2025 was particularly pronounced for the Sz treatment under trees at

Lamto, which exhibited very strong interannual variability, with mean fluxes rising from 39.37

+42pgCm2s'in 2024 t0 91.35+73.2 ng C m2 s in 2025 (see Table C1 in Appendix C).

In addition, the analysis of spatial variability in 2024 indicates that CO. emissions at Dahra
465  were the lowest compared with those measured at Nambekaha and Lamto (Fig. 3).

CO; fluxes according to site and ecosystem

Year [ 2024 [ 2025

(a) Trees | I (b) Grass I [ (c) Crops
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Figure 3: Interannual and spatial variation of CO- (ug C m2s™") fluxes at Nambekaha, Lamto and Dahra
across each ecosystem: (a) Trees, (b) Grass, and (c) Crops.
The results from the ANCOVA analysis (models) are overall significant (p < 0.001), although
470  their explanatory power remains limited, with a coefficient of determination (R?) of 0.14,
indicating that only 14% of the variability in CO: fluxes is explained (Table 3). Collinearity
analyses indicated VIF values close to 1, confirming the absence of redundancy among
explanatory variables. Interactions between explanatory variables were not included because of
non-significant results (p >0.05, this statement is also valid for the other fluxes).

475  This statistical study (Table 3) showed that CO: fluxes decrease when soil moisture increases
(B=-1.105+0.236; p<0.001) (Fig.4A). The significant correlation of the site with CO; fluxes
(Table 3) indicated that CO- emissions are lower in Dahra compared to Lamto (f = +26.765 +
4.719; p <0.001) and Nambekaha (p = +22.640 + 4.586; p <0.001) (Fig.4B). However, there
was no significant effect of vegetation type or treatments on CO> fluxes.
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Figure 4: Estimation of the effects of soil moisture (A) and site (B) on CO, fluxes

Table 3: Linear model results showing the effects of soil moisture, control and treatments, vegetation
type and site location on CO; fluxes. The model used automatically S; as the reference level for
treatments, crops for vegetation type, and Dahra for site. For each variable, the table reports the

485  estimated coefficient (B: Estimate) and the p-value indicating statistical significance. Significance levels
are noted: ns (not significant), * (p < 0.05), ** (p < 0.01), *** (p < 0.001). The R? values indicate the
proportion of variance explained by the model

Variable (B) Estimate (ug C m2s™) p-value
Treatment S> +0.577 £3.550 0.870 ns
Treatment S3 +8.561 £3.550 0.016 (*)
Control C +3.075 £3.550 0.387 ns
Vegetation_Grass +4.110 £3.155 0.193 ns
Vegetation_Trees +5.851 £3.160 0.065 ns

Site Lamto +26.765 £4.719 3.721x1078 (***)
Site Nambekaha +22.640 £ 4.586 1.417x1076 (*¥*%)
Soil_moisture -1.105+0.236 4.536x107 (**%*)
R? of the complete model 0.14 3.089x10°6 (**¥)

3.3. CH4 fluxes

At Nambekaha, methane fluxes indicate that soils can occasionally behave as methane sources,
490 particularly in the grass areas where emissions were higher than those observed at the other
sites. The highest methane emissions were recorded in 2025 under the S treatment, reaching
11.78 £ 12.2 ng C m? s7!, compared with 3.26 £ 2.9 ng C m2 s! in 2024 (Fig. 5, Table C2).
Although overall methane fluxes remained relatively low, the grass plots at Nambekaha
consistently showed higher emissions than those measured at Lamto and Dahra. In contrast,
495  crop plots at Nambekaha generally acted as weak methane sinks, though with lower uptake
rates than those observed at Lamto.
At Lamto, soils generally behaved as stronger methane sinks, especially in crop plots where
negative fluxes were more pronounced than at Nambekaha. The strongest methane uptake was
measured in 2025 in the crop plot under the S; treatment, with a flux of —4.94 + 1.9 ng C m™2
500 s'(Fig. 5, Table C2). These results suggest a greater methane consumption capacity in Lamto
soils, particularly under cultivated conditions. Methane emissions from grass areas in Lamto
remained lower than those observed at Nambekaha.
Finally, at Dahra, methane fluxes remained very low and were generally close to zero (Fig. 5).
This indicates that soils at this site behaved as nearly neutral systems with respect to methane
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505 exchange, showing neither strong emissions nor substantial methane uptake compared with the
other two sites.

CH, fluxes according to site and ecosystem

Year [ 2024 [ 2025

(a) Trees I l (b) Grass I | (c) Crops I
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Figure 5: Interannual and spatial variation of CH4 (ng C m2 s7") fluxes at Nambekaha, Lamto and Dahra
across each ecosystem: (a) Trees, (b) Grass, and (c) Crops.

510 A similar statistical analysis without the 2024 soil moisture data in the Dahra crop and without
interaction between explanatory variables (p >0.05), based on linear models applied to CH4
fluxes showed that the models are globally significant (p<0.001), with a R? of 0.21 indicating
that 21% of the variability in CH4 fluxes is explained (Table 4). Collinearity analyses also
indicated VIF values close to 1, confirming the absence of redundancy among explanatory

515  variables.

This study showed a strong effect of the vegetation type on CHy fluxes. (Fig.6A, Table 4), with
higher emissions under trees than in crops (f = +1.932 + 0.62; p<0.001) and even larger
emissions (Fig.6A) in grass area (f = +3.836 + 0.62; p<0.001, Table 5). The statistical analysis
also showed a significant effect of the site on CH4 fluxes (B =-2.1454 £ 0.92; p<0.05) indicating

520  uptake in Lamto, emissions in Nambekaha and low fluxes close to zero at Dahra (Fig.6B). No
significant effect of soil moisture and treatments on CH4 fluxes was observed.
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Figure 6: Estimation of the effects of vegetation type (A) and site (B) on CH4 fluxes

Table 4: Linear model showing the effects of soil moisture, control and treatments, vegetation type and

525  site location on CHy4 fluxes. The model used automatically S, as the reference level for treatments, crops
for vegetation type, and Dahra for site. For each variable, the table reports the estimated coefficient
(Estimate) and the p-value indicating statistical significance. Significance levels are noted: ns (not
significant), * (p <0.05), ** (p <0.01), *** (p <0.001). The R? values indicate the proportion of variance
explained by each model.

Variable (B) Estimate p-value
Treatment S> +0.725+0.70 0.301 ns
Treatment S3 -0.028+0.68 0.967 ns

Control C +0.067+0.70 0.923 ns
Vegetation_Grass +3.835+0.62 2.932x107 (*¥*%*)
Vegetation_Trees +1.932+0.62 0.0019 (**)

Site Lamto -2.145+0.92 0.021 (*)

Site Nambekaha +0.744+0.89 0.406 ns
Soil_moisture +0.073+0.04 0.113 ns

R? of the complete model 0.21 3.629x 1010 (%)

530 3.4. N2O fluxes

The statistical model applied to N2O fluxes does not show any significant impact of soil
moisture, control and treatments, vegetation or site (p >0.05), therefore the table of statistical
results is not shown. Despite that, across all studied sites, N2O fluxes exhibit strong spatial and
interannual variability, with contrasting behaviors depending on control and treatments,
535  vegetation type and sites.
At Nambekaha, the tree area is characterized by predominantly negative N2O fluxes in both
study years, reflecting an overall sink behavior. In contrast, cultivated plots exhibit the highest
N:O emissions compared to the three different sites, particularly in 2024, with elevated fluxes
under the C plot (27.12 + 8.5 ng N m2s™') and S3 (22.66 + 25.1 ng N m2s™"). A reduction in
540  emissions is observed in 2025, notably under S; (see Table C3 in Appendix C).
At Lamto, N2O fluxes are generally negative, particularly in 2024, indicating that soils
predominantly function as N2O sinks (Fig. 7). This pattern is especially pronounced in the grass
area, where sink strength was lower in 2025 compared to 2024 (Fig. 7b). A more moderate
reduction in sink strength is also observed in the tree area (Fig. 7a), particularly under S, with
545  uptake amplitude declining from -14.86 £+ 4.5 ng Nm=s™"in 2024 t0-7.99+ 1.4 ng N m=2s™'
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in 2025 (see Table C3 in Appendix C). Despite the dominance of negative fluxes, a few episodic

N:20 emissions are detected in 2025, mainly in the tree area under the S, treatment.

In maize-cultivated plots, fluxes display greater variability: N2O emissions are observed in 2024

across control and all treatments, whereas in 2025 the soil behaves as an N2O sink regardless
550  of the applied treatments (Fig. 7¢).

At Dahra, in the tree area, positive emissions are recorded in 2024 under the control (C), Si and

S» treatments, whereas the S; treatment stands out with negative fluxes (Fig. 7a, Table C3). In

2025, control and all treatments show fluxes close to zero or negative.

In the grass area, N>O fluxes are predominantly negative for control and all treatments in both
555  years (Fig. 7b). However, sink strength is markedly lower in 2025 than in 2024.

N,O fluxes according to site and ecosystem
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Figure 7: Interannual and spatial variation of N>O fluxes (ng N m2 s™') at Nambekaha, Lamto and
Dabhra across each ecosystem: (a) Trees, (b) Grass, and (c) Crops.

3.5. NO fluxes

560 The year 2024 at Nambekaha was characterized by particularly high NO emissions compared
to 2025, especially in the crop plots (Fig. 8), with fluxes ranging from 383.88 = 74.0 ng
N-m2-s! under Sz treatment to 497.39 =+ 146.3 ng N-m2-s™! under the control (C) (see Table
C4 in Appendix C).

In contrast, at Lamto, the highest fluxes were recorded in 2025 (Fig. 8), reaching up to 1.68 +

565 1.4 ng N-m2-s7! in the grass area under the control (C) (see Table C4 in Appendix C).

At Dahra 2025, higher emissions are observed in the crop plots, where they reach a maximum
0f 3.37 £ 0.3 ng N-m2-s! under the S treatment (Fig. 8, Table C4).
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NO fluxes according to site and ecosystem
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Figure 8: Interannual and spatial variation of NO fluxes (ng N m™ s™') at Nambekaha, Lamto and Dahra
570  across each ecosystem: (a) Trees, (b) Grass, and (c) Crops.

The same statistical analysis without 2024 data in Dahra (due to a failure of the analyser) and
without interaction between explanatory variables (p >0.05), based on linear models applied to
NO fluxes, showed that the models are globally significant (p<0.001), with a R? of 0.22,
indicating that 22% of the variability in NO fluxes is explained (Table 5). Collinearity analyses

575 indicated VIF values close to 1, confirming the absence of redundancy among explanatory
variables.

The statistical study showed a strong and significant correlation between NO fluxes and
vegetation type, indicating extremely high emissions in crops compared to trees or grass (f =
+76.779 £ 15.82; p < 0.001) (Fig.9A, Table 5). This statistical study also showed a significant

580 effect of the site on NO fluxes, indicating higher emissions at Nambekaha (f =+72.153 + 14.45;
p < 0.001) (Fig.9B). No significant effect of soil moisture, control and all treatments on NO
fluxes was observed (Table 6).
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Figure 9: Estimation of the effects of vegetation type (A) and site (B) on NO fluxes

585  Table 5: Linear model results showing the effects of soil moisture, control and treatments, vegetation
type and site on NO fluxes. The model used automatically S, as the reference level for treatments, grass
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for vegetation type, and Lamto for site. For each variable, the table reports the estimated coefficient

(Estimate) and the p-value indicating statistical significance. Significance levels are noted: ns (not

significant), * (p <0.05), ** (p <0.01), *** (p <0.001). The R? values indicate the proportion of variance
590  explained by each model.

Variable (B) Estimate p-value
Treatment S, -1.323+18.25 0.942 ns
Treatment S3 -6.883+18.34 0.707 ns

Control C +7.549+18.33 0.680 ns
Vegetation_Crops +76.779£15.82 2.286x107 (*¥*%*)
Vegetation_Trees -0.019+15.79 0.999 ns

Site Dahra +23.800+25.93 0.359 ns

Site Nambekaha +72.153+14.456 1.195%107 (*¥*%)
Soil_moisture +1.353+1.160 0.244 ns

R? of the complete model 0.22 2.679x107° (***)

4. Discussion

4.1. Soil CO; emission

Soil moisture exerted a significant control on CO: fluxes (B = —1.105 £ 0.236; p <0.0001),
indicating that an increase in soil moisture (1%) is associated with an average decrease of
595 —1.105 + 0.236 pg C m? s in CO: emissions. This negative relationship suggests that
increasing soil moisture limits oxygen diffusion within soil pores and decreases gas diffusivity.
These physical effects therefore lead to a reduction in aerobic microbial activity and respiration
(Linn and Doran, 1984; Moyano et al., 2013; Reichstein et al., 2003). This statement is
especially true for soils that have already been moistened, which is the case for our
600 measurements collected during the wet season. Such responses are particularly observed in
tropical soils, where soil moisture conditions play a key role in controlling carbon
mineralization (Davidson and Verchot, 2000). Furthermore, site effect is also significant: CO:
emissions were lower at Dahra compared to Lamto and Nambekaha, likely due to lower organic
carbon availability. A contextual factor may also explain part of the higher CO: fluxes observed
605 in 2024 compared to 2025 at Lamto. Indeed, the maize field had been tilled prior to the
measurement campaign, which likely improved soil aeration and promoted aerobic conditions
favorable to microbial activity and organic matter decomposition. This process can temporarily
stimulate soil respiration and increase CO- emissions. Such effects are well documented, with
several studies showing that tillage significantly increases CO: fluxes by enhancing microbial
610  access to organic carbon and altering soil structure (Abdalla et al., 2016; Liu et al., 2022).

4.2. Soil CH4 emission and uptake

For CHa., vegetation type appeared to be the primary determinant of fluxes. Grass areas
exhibited CHa emissions (+3.836 + 0.62 ng C m 2 s'), whereas crops tended to act as methane
sinks. These differences likely reflect variations in soil structure, porosity, and methanotrophic
615  activity across vegetation types (Le Mer and Roger, 2001; Liu et al., 2022). Tree areas showed
a more moderate effect (+1.932 + 0.62 ng C m™2 s™! relative to crops). These patterns likely
reflect differences in soil aeration and redox potential, that regulate the balance between

20



https://doi.org/10.5194/egusphere-2026-3592
Preprint. Discussion started: 6 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

methanogenesis and methanotrophy (Le Mer and Roger, 2001). The comparison of the site
effect on CO: and CHa4 fluxes highlights the existence of an opposite behaviour between these

620 two gases. Indeed, the Lamto site, characterized by high CO. emissions, shows a strong CHa
uptake. According to Liu et al. (2022), CH4 oxidation by methanotrophs is closely linked to
total soil respiration, estimated from CO: emissions. Their study indeed reported a negative
correlation: when heterotrophic respiration increases, the soil capacity to consume atmospheric
methane increases (i.e. the methane uptake increases), likely due to competition for substrates

625 or micronutrients. This relationship indicates that carbon-driven microbial activity can
modulate the role of soils as CHa sinks.

4.3. Soil N20 emission and uptake

Regarding N.O, ANCOVA and linear models indicate that neither treatment, nor soil moisture,
nor vegetation type significantly explained the variability in N-O fluxes (p > 0.05), suggesting

630 that factors typically associated with N>O production and uptake did not exert a clear influence
on N:O fluxes during the study periods. Indeed, many studies indicate that N-O emissions are
often dominated by "hot spots" and "hot periods," making it difficult to identify clear statistical
relationships with average environmental variables (Groffman et al., 2009). The absence of
significant statistical results in our study is consistent with this. It should be noted that N>O

635  emissions observed in 2024 in the Nambekaha field are linked to the fertilization with 150 kg
NPK ha™! independently of experimental treatments. Several studies have shown that nitrogen
fertilization in agricultural soils significantly enhances N>O emissions by increasing nitrogen
substrate availability for nitrification and denitrification processes (Bouwman et al., 2002; C.
Wang et al., 2021)

640 Two main linked processes may explain negative N>O fluxes in soils with low N content: 1-
N>0 from the soil gaseous phase is reduced to N2 by denitrification, i.e N2O is consumed, and
2- Atmospheric N>O is transported within the soil profile via passive diffusion and convection
depending on oxygen conditions (which also drives nitrification and denitrification processes,
Clough et al., 2005).

645  Even under predominantly aerobic conditions, soils can exhibit negative N-O fluxes, reflecting
net consumption of the gas by the soil. Indeed, several studies have shown that N:O
consumption (driven by denitrification) is not exclusively limited to saturated soils but can also
occur in generally well-aerated soils (Dlamini et al., 2024). For example, Bateman and Baggs,
(2005) demonstrated that soils considered as aerobic can exhibit net N-O consumption due to

650 micro-anoxic zones associated with moisture and structural aggregation. Within these
microenvironments, oxygen diffusion is locally restricted, while microbial respiration rapidly
consumes available O, creating conditions favorable for complete denitrification and enhanced
reduction of N2O to N2. These conditions may contribute to very low N2O emissions or even
occasional net N.O consumption. Similarly, Groffman et al. (2009) observed comparable

655  processes in well-drained agricultural soils, where soil structure and microbial activity
generated anaerobic microsites capable of supporting N2O complete reduction despite an
overall oxic environment. Ideal conditions for N2O emissions are not found in these particular
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cases. However, Chapuis-Lardy et al (2007, and references therein) mention that it is difficult
to clearly define a set of conditions promoting N>O consumption.

660  In our results, the fact that mean volumetric soil moisture did not emerge as a significant factor
does not necessarily imply the absence of conditions favorable to denitrification but may reflect
the microscopic and spatially heterogeneous nature of anaerobic zones (replicates in
experimental protocol may however reduce this heterogeneity). Soil redox status must therefore
be considered at the fine scale of aggregates and pores, where small local variations in oxygen

665  can reverse the net N2O balance.

Furthermore, N>O diffusion in the soil seem to enhance N>O consumption (Chapuis-Lardy et
al., 2007, and references therein) associated with low N availability in soils and aerobic
denitrification in well aerated soils. In our case, episodes of N.O consumption could be
explained by similar conditions, notably mineral nitrogen limitation and low soil moisture (in

670 comparison to temperate or boreal soils). Savage et al. (2014) demonstrated the existence of
significant net N2O consumption in a semi-arid agricultural site of North Dakota, highlighting
that high-frequency measurements are essential to detect low or transient fluxes, which may
explain their scarcity in the tropical literature. In addition, Dijkstra et al. (2013) and Wu et al.
(2013) highlighted the capacity of certain terrestrial ecosystems, particularly nitrogen-poor soils

675 under relatively dry conditions, to consume atmospheric N2O (reduction of N2O to N2 can
exceed its local production when mineral nitrogen availability is limited), challenging the
assumption of a strict dependence on anaerobic microsites.

4.4. Soil NO emission

The absence of a significant relationship between NO emissions and soil moisture suggests that

680  soil moisture is not the primary driver of NO production in this study, although its influence
cannot be considered negligible. Instead, NO emissions appear to be more strongly controlled
by nitrogen substrate availability and microbial processes involved in the nitrogen cycle.
Considering the vegetation effect, crop plots showed significantly higher NO emissions than
tree areas (B = +76.799 + 15.96; p < 0.0001), while no significant difference was observed

685  between grass and tree areas. This reflects the influence of agricultural practices, particularly
of fertilizer inputs. Indeed, in the crop plot at Nambekaha, a fertilization of approximately 150
kg NPK ha™ was applied independently of experimental treatments in 2024. This resulted in
greater mineral nitrogen availability, thereby enhancing nitrification (Skiba et al., 1997;
Butterbach-Bahl et al., 2013) and NO emissions. Recent studies have shown that increased

690 nitrogen fertilizer inputs in agricultural systems lead to significant increases in soil nitrogen
emissions, particularly NO, due to excess substrate availability for nitrification (Bratti et al.,
2022; Gong et al., 2025). In 2025, no fertilization was applied by the farmers at Nambekaha
prior to our field campaigns.

The effect of site location on NO emissions shows higher emissions at Nambekaha than at
695 Lamto and Dahra, (due to 150 kg NPK ha™! fertilisation in 2024 at the Nambekaha cropland
site). Furthermore, the low NO emissions at Lamto (site effect) in grass area (vegetation effect)
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corroborate the inhibition of nitrification by dominant grasses in Lamto (Srikanthasamy et al.,
2018) subsequently limiting NO3™ availability and NO emissions.

A methodological limitation should nevertheless be acknowledged: during chamber
700 measurements, nitric oxide may react with ozone within the chamber headspace,
potentially leading to an underestimation of NO fluxes if ozone concentrations are sufficiently
high (Ludwig et al., 2001; Pape et al., 2009; Williams and Davidson, 1993). Because ozone
concentrations were not measured during the field campaigns, no correction were applied.
Previous studies have shown that this effect can lead to an average underestimation of NO
705  fluxes of approximately 30%, although the magnitude of the bias depends on seasonal
conditions (Delon et al., 2017). However, the relatively short chamber closure time reduced the
residence
time of air inside the chamber, the chamber walls are opaque, thereby limiting the extent of this
reaction. Moreover, the same measurement protocol was applied consistently across all
710  treatments and sites, suggesting that any potential bias was systematic rather than treatment-
specific and therefore unlikely to alter the relative differences among treatments or the
conclusions of the statistical analyses.

4.5. Treatment effect

Control (C) and treatments (S1, Sz, S3) showed no significant effect on CO2, CHa, N2O or NO

715  fluxes, regardless of the treatment applied. This lack of effect may indicate that nitrogen inputs
were insufficient to significantly alter microbial activity and increase emissions. It may also
reflect a dominant control by environmental factors, such as soil moisture, site location and
vegetation type, which can mask treatments effects, as observed in some low-input tropical
ecosystems (Butterbach-Bahl et al., 2013).

720  4.6. Comparison with other studies

Due to the weak temporal extension of our field results, a generalisation of these processes
leading to N>O negative fluxes should be taken with caution. Overall, despite the short-term
character of the field campaigns, the results provided in this study are generally in line with
other studies conducted in tropical African ecosystems (Table 6). The CO: fluxes measured at
725  Dahra (12.5948.0 to 57.83£10.4 ng C m2 s™! depending on vegetation type) are higher than
those reported by Assouma et al., 2017 in similar Sahelian pastures (12.29 £2.3 pgCm=2s™).
Compared to the humid tropical conditions reported by Daelman et al., (2025) in the Congo
Basin (48.5 £ 13.9 pg C m2s™), our values at Nambekaha and Lamto (36.10£9.2 to 58.24+22.5
pg C m2s™) fall within a similar range. In contrast, lower mean CO: fluxes have been reported
730 in Kenyan savanna soils by Leitner et al., 2024 (6.19 + 5.06 pg C m2s™").

The CHa fluxes obtained in this study (generally ranging from slight uptake to low emissions)
are of the same order of magnitude as those reported by Wieckowski et al. (2026) and Assouma
et al. (2017) at Dahra, which also describe low fluxes alternating between modest emissions
and net uptake. Our results are also consistent with the near-neutral balances observed by
735  Leitner et al. (2024) in savanna soils in Kenya (0.028 = 0.194 ng C m2 s™'). In contrast, in the
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Congo Basin, Daelman et al. (2025) reported a more pronounced CHa uptake (—12.4 + 16.5 ng
Cm2g?).

Conversely, N2O emissions observed by Wieckowski et al. (2026) (33.0 = 29.8 in open grazed
to 40.66 + 34.7 ng N m2 s near the trees) and Assouma et al. (2017) (6.63 + 0.7 in tree

740  plantation to 17.68 + 5.9 ng N m2 s™! in pastures) at Dahra are generally higher than those
measured in our study, where fluxes above the minimal detectable flux observed elsewhere
were frequently negative or close to zero. Similarly, Daeman et al. (2025) reported positive N.O
emissions in the Congo Basin (11.4 + 13.0 ng N m™2 s™' in the Congo basin), and Leitner et al.
(2024) observed low but positive mean fluxes (0.69 = 0.61 ng N m2 s™! in savanna soils). Their

745  study at Dahra also reported relatively low N>O emissions, ranging from 3.2 + 1.7 ng Nm=2s™'
to5.5+13ngNm?2s™

The NO fluxes measured in our study (up to 411.9 + 180.3 ng N m2 s in croplands at
Nambekaha) show substantial variability depending on land use. These values partly overlap
with those reported by Delon et al. (2017) at Dahra (6.8 £ 3.4 to 60.3 £ 26.1 ng N m2 s™!),

750  although our maximum values in croplands exceed this range, likely due to the effects of
fertilization (150 kg NPK ha™) applied to cultivated soils at Nambekaha.

The comparison of flux magnitude in semi natural grasslands (under trees and grasses) and
human managed lands (crops) calls for a spatialization to explore the respective weights of each
land in the net exchange of gases at the soil-atmosphere interface, as well as an extension in

755  time (our measurements were done during the wet season). Furthermore, forest areas would
also need to be included to improve and supplement this study.
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Table 6: Comparative flux values between other studies

EGUsphere

This study

Sites CO(ug Cm2s™) CH4(ng Cm2s) N>,O (ngNm?2s™") NO (ngNm?2s)
50.94£11.8 to 53.47£25.6  0.66%4.0 to 0.86+5.7 -4.5344.0 to -4.35+6.1 0.65+0.3 to 13.68+10.1
Trees Trees Trees Trees
Nambekaha 47.98+15.4t0 51.18+18.1  5.35£7.8 to 5.61%7.8 -3.51£5.5t0 -1.11£6.0 0.37£0.2 t0 20.40£16.7

(Cote d’Ivoire) | grass grass grass grass
19.561+7.6 to 41.83£15.9 -2.49+1.1to - -1.3617.8 to 15.49£16.7 2.42+1.01 to
crops 1.4240.7 crops crops 411.92+180.3 crops
38.57+7.3 to 54.59+45.1 -1.35+4.2 to - -10.90£5.8 to -5.08£10.8  0.06+0.1 to 0.27£0.4

Trees

1.5340.9 Trees

Trees

Trees

Lamto 36.10+9.2 to 44.80+21.5 1.49£2.9t0-0.85£1.3  -13.15+6.9 t0 -6.50£10.6  0.04+0.1 to 1.08£1.0
(Cote d’Ivoire) | grass grass grass crops
52.36+12.1 to 58.24422.5  -4.03£1.5to0 - -11.10£9.3 to 4.90+7.3 0.19+0.2 to 1.09£0.6
crops 2.4942.5 crops crops grass
21.1247.5t0 57.83£10.4 0£1.4 to 0.60+1.2 -2.48+7.7to 1.82£17.7 0.77£0.9 Trees

Trees

Trees

Trees

Dahra 22.58+7.2 to 56.93£12.0 -1.59£1.2t0 0.68+1.4  -13.69+6.9 to -5.60+4.0 0.4140.1 grass
(Senegal) grass grass grass
12.59+8.0 to 32.04+8.7 -1.084£2.2 t0 0.52+1.3  -8.55+3.3 t0 -2.82+8.4 3.1440.6 crops
crops crops crops
Baetal., 2026 12.7+10.4 in full sun (FS)
. on groundnut crops
géi];g:) 18.5+12.7 under F. albida
canopy shade (Sh) on
groundnut crops
8.54 +£74.5 near the Trees  3.31 + 6.0 near the 40.66 + 34.7 near the
Wieckowski Dahra Trees Trees
etal., 2026 (Senegal) -40.8 = 76.0 in open -0.60 £ 2.7 in open 33.0 £ 29.8 in open
grazed grazed grazed
Daelman et Yangambi 48.5+13.9 in the Congo -12.4+16.5 in the 11.4+13.0 in the Congo
al., 2025 (Congo) Basin Congo Basin Basin
A 7.10 + 0.4 in forest 0.87 + 0.9 in forest 6.63 + 0.7 in forest
ssouma et Dahra . . .
al., 2017 (Sencgal) plantation ) plantation ) plantation )
12.29 + 2.3 in pastures 5.21+3.5inpastures  17.68 +5.9 in pastures
Leitner et al., Kapiti 6.19+5.06 savanna soils 0.028+0.194 savanna  0.69+0.61 savanna soils
2024 (Kenya) soils
Delon et Dahra 32+1.7t055+1.3 6.8 +3.41060.3+26.1
al.,2017 (Senegal)
201.6+13.2 reduced
In Ruma rainfall to 0% on Black
Otieno et National Park | Sotton clay soils
al.,2010 (Kenya) 150+13.2 reduced rainfall
y to 20% on Black cotton
clay soils
760
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765 Conclusion

This study reveals that soil moisture and site location are the primary drivers of CO- fluxes,
while vegetation type and site location significantly influence CHa and NO fluxes. Contrary to
initial assumptions, vegetation type does not universally control gas exchanges across all
compounds. Additionally, soil moisture only strongly regulates CO: fluxes, and its role in
770  governing CH4 or NO emissions remains insignificant in our experiments conducted during the
wet season. At Dahra, the driest site, fluxes of all gases were the lowest, but this observation
neither confirms nor denies the hypothesis that soil moisture is a major controller of flux
magnitude. Furthermore, the partitioning between nitrates and ammonium in experimental
treatments had no detectable effect on flux magnitudes, likely due to the low nitrogen inputs
775  applied during the experiments.

Soil moisture emerges as the key controlling factor for CO: fluxes, primarily by limiting
microbial respiration under water-saturated conditions through reduced oxygen diffusion. In
contrast, the absence of a significant relationship between soil moisture and NO or CHa fluxes
suggests that these gases are instead regulated by substrate availability and specific microbial

780  processes. For CHa, vegetation type played a dominant role: grass-dominated areas acted as net
sources, while cropped areas generally functioned as methane sinks, likely due to differences
in soil structure and methanotrophic microbial activity. Site location also had a significant effect
on all three gases, with the Sahelian site (Dahra) exhibiting the lowest CO2> and CHa flux
intensities. In Lamto, low NO emissions were attributed to nitrification inhibition under

785  dominant grasses. These findings could be used to propose future strategies aimed at mitigating
climate change in West Africa, in the context of land-use change: a balance could be struck
between 1) converting savannas into cropland, which would increase CHa uptake, and 2)
optimizing crop management to reduce N2O and CO: emissions.

N:0 fluxes presented a distinct pattern, with low or even negative values across all treatments.

790  No significant relationships were observed between N2O fluxes and soil moisture, vegetation
type, site location, or nitrogen treatments. These results indicate that the studied soils can
temporarily act as N2O sinks under certain environmental conditions, potentially driven by
localized microbial activity (where N>O consumption exceeds production), soil structural
heterogeneity, and the nitrogen-poor, relatively dry nature of these soils.

795  The observed patterns of greenhouse gas and reactive nitrogen fluxes underscore the complex
interactions between the carbon and nitrogen cycles in these ecosystems. They emphasize the
critical role of microsite conditions and nitrogen availability in regulating the intensity of gas
exchange between soil and atmosphere. These findings call for further investigation into
microbial populations and their functional roles in nitrogen and carbon cycling to disentangle

800 the bacterial vs. environmental processes underlying trace gas exchanges.

Overall, the results highlight that ecosystem characteristics—strongly influenced by site
location—shape greenhouse gas and nitrogen fluxes, while also suggesting that classical
environmental drivers may not reliably predict N-O dynamics in tropical West African regions.
These insights contribute to a more nuanced understanding of the factors controlling gas
805  exchanges across diverse land-use systems (and their representation in model parameterizations
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where N>O uptake is not predicted) and stress the need for microscale and microbial-focused
research to improve predictive models.

810
815
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Appendix
835  Appendix A: The watering schedule for the three sites

Table A1: Nitrates and ammonium concentrations in each watering solution to achieve the nitrogen
target concentration

Site C(mgN.L") Si(mgN.L 1) Sa(mgN.L1) S3(mgN.L")
Nambekaha 2023 and 2024: 2023, 2024 and 2025: 2023, 2024 and 2025: 2023, 2024 and 2025:
(target:  0.963 N —NO; =0.039 (N - NO; = 0.289 {N ~NO; = 0.241 N = NO; =0.116
mgN.L") {N —NHf =0 {N — NH} =0.674 N —NH} =0.722 {N — NH;} =0.847
2025:
N = NO5 = 1.442
{N — NH; = 0.051
Lamto 2023 and 2024: 2023, 2024 and 2025: 2023, 2024 and 2025: 2023, 2024 and 2025:
(target: N—-NO; =0 N —NO3 =0.290 N —NO3 = 0.242 N —-NO; =0.116
0.966 {N —NHf =0 {N — NH} = 0676 {N — NH} = 0.724 {N — NH} = 0.850
mgN.L") . {N ZNo; =0
2025 {y =
Dahra 2023 and 2024: 2023, 2024 and 2025: 2023, 2024 and 2025: 2024 and 2025:
(target: 1.676 N —-NO; =0.189 {N — NO3 =0.503 N —NO3 = 0.419 {N —NO3 =0.201
mgN.L") {N —NH} =0 N — NH} = 1.173 {N — NH} = 1257 N — NH} = 1475
2025:
N —NO3 = 0.090
{N — NH} = 0.078
840
845
850
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Table A2: Dates of watering and flux measurements for each site. * in 2025, only solution S3 was used
in Nambekaha.
Site Dates of watering Dates of flux
16 in 2023: 02/04, 18/04, 02/05, 16/05, 16 in 2023: 03/04, 04/04, 03/05,
30/05, 06/06, 20/06, 04/07, 18/07, 01/08, 04/05, 08/06, 09/06, 05/07, 06/07,
15/08, 05/09, 19/09, 03/10, 17/10, 07/11 02/08, 03/08, 06/09, 07/09, 03/10,

04/10, 08/11, 09/11
16 in 2024: 12/03, 26/03, 09/04, 23/04, 02/05, 3 in 2024: 16/06, 17/06, 18/06
Lamto 16/05, 30/05, 11/06, 25/06, 09/07, 23/07,
13/08, 12/09, 03/10, 17/10, 05/11

13 in 2025: 15/03, 25/03, 10/04, 22/04, 07/05, 4 in 2025: 27/06, 28/06, 29/06,
21/05, 03/06, 23/06, 08/07, 22/07, 05/08, 30/06

02/09

14 in 2023: 29/05, 05/06, 19/06, 03/07,

13/07, 24/07, 03/08, 14/08, 23/08, 04/09,

12/09, 23/09, 02/10, 16/10

14 in 2024: 15/04, 06/05, 20/05, 10/06, 27/06, 4 in 2024: 22/06, 23/06, 24/06,
Nambekaha* 11/07, 22/07, 01/08, 12/08, 22/08, 02/09, 25/06
16/09, 30/09, 14/10

6 in 2025: 14/04, 28/04, 12/05, 26/05, 09/06, 4 in 2025: 03/07, 04/07, 05/07,
23/06 06/07

7 in 2023: 14/07, 28/07, 11/08, 23/08, 08/09,
20/09, 18/10

7 in 2024: 16/07, 29/07, 12/08, 26/08, 10/09, 3 in 2024: 23/09, 24/09, 25/09

Dahra 25/09, 09/10

6 in 2025: 14/07, 29/07, 12/08, 26/08, 09/09, 4 in 2025: 22/09, 23/09, 24/09,
20/09 25/09

855
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Appendix B: Soil moisture in the studied ecosystems: daily averages and interannual
comparison (2024-2025)

Table B1: Average daily soil moisture for 2024 and 2025 across the 3 ecosystems of the three sites

Average soil moisture (%) 2024 Average soil moisture (%) 2025
Nambekaha 22/06/2024 23/06/2024 24/06/2024  25/06/2024  03/07/2025 04/07/2025 05/07/2025 06/07/2025
(Trees) 33.30+0.04 27.48+0.00 27.02+0.00  26.83+£0.00 27.97+0.03 24.13+0.01 22.82+0.02 28.01+0.03
Nambekaha 22/06/2024 23/06/2024 24/06/2024  25/06/2024  03/07/2025 04/07/2025 05/07/2025 06/07/2025
(Grass) 33.60+0.02 30.45+0.00 29.07+0.00  28.29+0.00  41.33+0.04 35.76+0.01 33.71+0.03 45.38+0.08
Nambekaha 22/06/2024 23/06/2024 24/06/2024  25/06/2024  03/07/2025 04/07/2025 05/07/2025 06/07/2025
(Crop) 37.62+0.02 34.69+0.00 34.61+0.00  34.05+0.00  41.72+0.02 38.85+0.00 38.20+0.01 41.55+0.03

Lamto (Trees) 15/06/2024 16/06/2024 17/06/2024  18/06/2024  27/06/2025 28/06/2025 29/06/2025 30/06/2025
38.11+0.00 38.53+0.02 39.18+0.00  39.01+£0.00  37.65+0.00 38.35+0.02 39.44+0.00 39.49+0.01

Lamto (Grass) 15/06/2024 16/06/2024 17/06/2024  18/06/2024  27/06/2025 28/06/2025 29/06/2025 30/06/2025
30.48+0.00 31.40+0.03 31.06+£0.00  30.85+0.00  45.18+0.03 43.80+0.03 38.35+0.01 36.56+0.00

Lamto (Crop) 15/06/2024 16/06/2024 17/06/2024  18/06/2024  27/06/2025 28/06/2025 29/06/2025 30/06/2025
25.73£1.35 25.30+1.97 24.31+1.50  22.47+0.36  33.47+1.29 32.02+0.62 30.78+0.21 29.83+0.53

Dahra (Trees) 22/09/2024 23/09/2024 24/09/2024  25/09/2024  22/09/2025 23/09/2025 24/09/2025 25/09/2025
17.60+0.00 18.03+0.00 25.09+0.05  26.58+0.05  17.424+0.00 16.83+0.00 16.64+0.00 16.47+0.00

Dahra (Grass) 22/09/2024 23/09/2024 24/09/2024  25/09/2024  22/09/2025 23/09/2025 24/09/2025 25/09/2025
17.60+0.00 18.03+0.00 25.09+£0.05  26.58+0.05  14.75+0.00 13.85+0.00 12.85+0.00 12.06+0.00

Dahra (Crop) 22/09/2025  23/09/2025 24/09/2025  25/09/2025
23.02+£0.00  22.52+0.00 21.91+0.00 21.59+0.00

865  Table B2: interannual comparison (2024-2025) of soil moisture in the different ecosystems of each study
site. Means correspond to the average of values measured during all the days of experiment.

Sites Ecosystems Years t-student- p p.signif Years Averages
statistic
Grass 2024-2025 2.12502684 0.122 Not 2024 21.83+4.67
Significant 55 16.84+0.41
Dahra

Trees 2024-2025 3.50652588 0.0326 * 2024 21.834+4.67
2025 13.38+1.17
Crops 2024-2025 -6.6054454 0.000596 ok 2024 24.45+1.45
2025 31.53+1.58
Lamto Grass 2024-2025 -0.0492207 0.963 ~ Not 2024 38.71+0.48
significant 2025 38.73+0.89
Trees 2024-2025 -4.7932799 0.0166 * 2024 30.95+0.39
2025 40.97+4.17
Crops 2024-2025 -2.5091883 0.0773 Not 2024 30.92+7.08
significant 2025 40.08+1.82
Nambekaha Grass 2024-2025 1.43002936 0.204 . .Not 2024 28.66+3.11
significant 2025 25.73+2.66
Trees 2024-2025 -2.9971401 0.0386 * 2024 30.35+2.34
2025 39.05+5.31
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Appendix C: Variability of CO2, CHa4, N2O, and NO fluxes

Table C1: Average CO: fluxes (ug C m2s™) in 2024 and 2025 for the four treatments on the three
sites x three ecosystems

Sites (ecosystems) Average CO: (ug C m2s™) flux 2024 Average CO:2 (ug C m2s™) flux 2025

Control C Treatment  Treatment  Treatment  Control C Treatment  Treatment  Treatment
Si Sz S3 Si N S3
Nambekaha (Trees)  50.63+9.1  49.46+10.0 51.59+7.9  52.09+15.8 74.00+40.8 50.94+7.7 4127+6.1  47.67+15.7

Nambekaha (Grass)  44.05£12.7 41.24+10.4 52.1245.5  54.51422.9 50.01+6.9  42.75£8.5  51.42424.2 60.54+21.3
Nambekaha (Crop) 2426+£8.0 16.8743.6  15.74+49  21.3749.0  39.81+19.7 37.08+1.9  43.98%17.7 46.47+l16.1

Lamto (Trees) 42.5619.9  37.44+6.2 3491455 39.37+4.2  45.53+21.6 45.72+19.5 35.7449.1  91.35+73.2
Lamto (Grass) 3442442  29.82+442  33.58484  46.58%8.5  49.23+23.8 47.57+10.7 36.88+£19.8 45.50+26.2
Lamto (Crop) 47.8242.3  58.96+5.4  58.21429.7 67.98+30.2 61.33+159 41.19£2.6  47.08%6.0  59.85+2.3
Dahra (Trees) 19.57£11.7 20.82+6.2  21.60+4.4  22.48+53  51.8448.5  64.75t11.1 55.44£11.2 59.29+4.0
Dahra (Grass) 26.7143.0  14.1048.0  24.90+5.7  24.59+1.3  52.594#8.1  55.95£6.6  58.291+8.8  64.49+16.3
Dahra (Crop) 8.21£2.5 18.75£12.7 10.50+4.8  12.9242.2  27.39+£7.7 33.26%8.1  34.3617.2  33.1449.7
Average CO: (ug C m™2s™) flux treatments 2024 Average CO: (ng C m2s™) flux treatments 2025

Nambekaha (Trees) 50.94+11.8 53.47£25.6

Nambekaha (Grass) 47.98+15.4 51.18+18.1

Nambekaha (Crop) 19.56+7.6 41.83£15.9

Lamto (Trees) 38.57+7.3 54.59+45.1

Lamto (Grass) 36.10+9.2 44.80+21.5

Lamto (Crop) 58.24422.5 52.36£12.1

Dahra (Trees) 21.1247.5 57.83+10.4

Dahra (Grass) 22.58+7.2 56.93+12.0

Dahra (Crop) 12.59+8.0 32.04+8.7

875  Table C2: Average CH4 fluxes (ng C m2s™") in 2024 and 2025 for the four treatments on the three sites
x three ecosystems

Sites (ecosystems) Average CH4 (ng C m2s™") flux 2024 Average CH4 (ng C m2s™") flux 2025

Control C Treatment  Treatment  Treatment  Control C Treatment  Treatment  Treatment
Si Sz S3 Si N S3
Nambekaha (Trees)  1.4345.6 -2.23+1.3 4.8617.5 -0.64£3.6 2.95+5.5 1.9143.6 0.00+2.1 -2.23£1.0

Nambekaha (Grass) — 3.42+4.3 5.4145.3 3.26+£2.9 10.35£12.5 3.50£1.5 1.75£1,0 11.78+12.2 4.38%5.6
Nambekaha (Crop) -1.75+£0.4 -1.27+0.2 -1.45+1.2 -1.1940.1 -2.07+0.4  -2.47+1.2 -3.03£0.9  -2.39+14

Lamto (Trees) -0.96+1.4  -1.43+04  -1.43+0.7  -2.15+0.6  -1.19+0.5 -1.43t1.6  -2.7143.3  -0.08t7.4
Lamto (Grass) -1.49+0.8  -0.24£1.6  -0.3240.0  -1.11£1.0  0.32+24 2.97£3.0 244134 0.56£1.7
Lamto (Crop) -2.15+2.1 247417 -0.32£1.8  -5.02+2.0  -3.26+0.7  -4.38%1.3 -3.40£1.1 -4.94£1.9
Dahra (Trees) 0.00+1.5 1.11£0.5 0.34%1.5 1.06+0.4 0.08+1.1 0.00£1.5 -0.16£1.5  0.08£1.5
Dahra (Grass) -0.08+1.6 1.03+0.3 0.16%1.0 1.59£1.5 -1.11£1.4  -1.35+0.5 -2.2340.7  -1.67+1.4
Dahra (Crop) -0.7242.4  -3.08t£1.0  -0.64£2.6  -0.40+1.4  0.08%1.2 0.56x1.5 0.80+0.9 0.64+1.5
Average CH4 (ng C m2s™") flux treatments 2024 Average CH4 (ng C m2s™') flux treatments 2025

Nambekaha (Trees) 0.86%5.7 0.661+4.0

Nambekaha (Grass) 5.61£7.8 5.35£7.8

Nambekaha (Crop) -1.42+0.7 -2.49+1.1
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Lamto (Trees) -1.53+0.9 -1.3544.2
Lamto (Grass) -0.85+1.3 1.49+2.9
Lamto (Crop) -2.4942.5 -4.03+1.5
Dahra (Trees) 0.60£1.2 0+1.4

Dahra (Grass) 0.68+1.4 -1.59+£1.2
Dahra (Crop) -1.08+£2.2 0.52+1.3

Table C3: Average N,O fluxes (ng N m2 s7') 2024 and 2025 for the four treatments on the three sites x
three ecosystems

Sites (ecosystems) Averages N2O (ng N m2 s7') flux 2024 Averages N2O (ng N m2 s™') flux 2025

Control C Treatment  Treatment  Treatment  Control C Treatment  Treatment  Treatment
Si N Ss Si S> S3
Nambekaha (Trees) 2.23+7.4 -8.9240.0 -3.72+0.0 -7.43+1.8 -2.7945.3 -5.57+0.4 -3.7240.0 -6.4412.9

Nambekaha (Grass) ~ 7.4310.0 -0.99+4.4 1.11+6.3 -4.46£5.0  -5.20+1.8  2.23%6.7 -2.7246.5  -6.44+0.9
Nambekaha (Crop) ~ 27.1248.5  6.44+1.9 9.29+4.7 22.66+25.1 -11.52+7.1 3.96+£5.99  -2.97+6.1 2.23£3.8

Lamto (Trees) -12.26+6.3  -4.83+0.4  -11.39+49 -14.86+4.5 -14.00£0.0 -7.9949.5 570133  -7.99+1.4
Lamto (Grass) -10.4043.7 -14.3746.4 -6.32+%1.1 -18.3346.7  0.7448.9 -2.60+4.8 -8.55+11.7  -13.62+7.2
Lamto (Crop) 10.4040.0  5.57+0.4 4.4616.6 3224102 -17.2845.3 -12.63+7.4 -10.40+£6.3 -4.64%10.6
Dahra (Trees) 2.23+11.9 4954179  12.63£20.0 -14.12+0.0 0.74+8.4 0.19£7.6 -8.9246.3 -1.11£3.7
Dahra (Grass) -5.9440.0  -16.59+8.3 -10.7741.1 -18.58+0.0 -8.17+4.4  -5.57+3.2 -5.9442.6  -1.73%2.9
Dahra (Crop) -11.89+0.0 -8.67+0.9 1.86£5.6 -5.3946.2  -0.56%11.6
Average N2O (ng N m2 s™') flux treatments 2024 Average N2O (ng N m s™') flux treatments 2025

Nambekaha (Trees) -4.3546.1 -4.53+4.0

Nambekaha (Grass) -1.1146.0 -3.51+5.5

Nambekaha (Crop) 15.49+16.7 -1.36£7.8

Lamto (Trees) -10.90+5.8 -5.08+10.8

Lamto (Grass) -13.15£6.9 -6.50%10.6

Lamto (Crop) 4.90+7.3 -11.1049.3

Dahra (Trees) 1.82£17.7 -2.48+7.7

Dahra (Grass) -13.69+6.9 -5.60+4.0

Dahra (Crop) -8.5543.3 -2.8248.4

Table C4: Average NO fluxes (ng N m2s™") in 2024 and 2025 for the four treatments on the three sites
880  x three ecosystems

Sites (ecosystems) Averages NO (ng N m2s7') flux 2024 Averages (ng N m2s™) flux 2025

Control C Treatment  Treatment  Treatment  Control C Treatment  Treatment  Treatment
Si Sz S3 Si N S3
Nambekaha (Trees)  26.01£10.7 11.01£6.0  9.98+6.3 7.74+2.7 0.62+0.2 0.58+0.1 0.78+0.3 0.62+0.5

Nambekaha (Grass) ~ 10.1844.7  11.2644.0  20.24+5.0  39.92+22.0 0.3440.1 0.36+0.1 0.4540.2 0.35£0.2
Nambekaha (Crop) ~ 497.39+14  402.12+28  383.88+74. 348.44+68. 2.9240.8 1.94+1.2 2.3840.5 2.45+1.1

6.3 32 0 9
Lamto (Trees) 0.01+0.0 0.08+0.1 0.04+0.0 0.09+0.1 0.55£0.7 0.11+0.1 0.11+0.0 0.25£0.3
Lamto (Grass) 0.05+0.0 0.01+0.0 0.02+0.0 0.0940.1 1.68+1.4 0.64+0.3 1.33+1.1 0.67+0.5
Lamto (Crop) 0.37+0.4 0.23+0.2 0.09+0.0 0.13+0.1 1.18+0.7 1.47+0.7 0.71+0.3 1.01+0.3
Dahra (Trees) 0.58+0.3 1.27+1.6 0.68+0.4 0.54+0.2

32



https://doi.org/10.5194/egusphere-2026-3592
Preprint. Discussion started: 6 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Dahra (Grass) 0.42+0.0 0.34+0.1 0.44+0.1 0.44+0.0
Dahra (Crop) 3.30+0.6 2.961+0.5 3.3710.3 2.89+0.8
Average NO (ng N m2s™!) flux treatments 2024 Average NO (ng N m2 s™!) flux treatments 2025
Nambekaha (Trees) 13.68+10.1 0.65+0.3
Nambekaha (Grass) 20.40+16.7 0.37£0.2
Nambekaha (Crop) 411.92+180.3 2.42+1.01
Lamto (Trees) 0.0620.1 0.27£0.4
Lamto (Grass) 0.04+0.1 1.08£1.0
Lamto (Crop) 0.19+0.2 1.09£0.6
Dabhra (Trees) 0.77+0.9
Dahra (Grass) 0.4110.1
Dahra (Crop) 3.14+0.6
885
890
895
900
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