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Abstract. Tropical wetlands significantly impact greenhouse gas (GHG) budgets and carbon storage: however data from sub-20 

Saharan African (SSA) remain limited. Highland valley-bottom wetland (HVBW) agriculture supports millions, yet its effects 

on GHG emissions and carbon storage remain undocumented. This study quantified soil emissions of nitrous oxide (N₂O), 

carbon dioxide (CO₂), and methane (CH₄) in the Taita Hills, Kenya, from 12 converted, 10 recovering, and one reference 

(intact) HVBWs. Agricultural conversion shifted wetland emissions from CH₄ to N₂O dominance. Converted HVBWs were 

N₂O sources (2.7 kg N₂O–N ha⁻¹yr⁻¹), driven by elevated soil nitrate, whereas the intact wetland was an N₂O sink (−0.3 kg 25 

N₂O–N ha⁻¹ yr⁻¹), with high soil moisture and high soil C/NO₃⁻–N ratio suggesting complete denitrification. Recovering 

HVBWs showed intermediate N₂O emissions (0.6 kg N₂O–N ha⁻¹ yr⁻¹). CO₂ emissions were similar between converted and 

recovering HVBWs (10,850 vs. 11,031 kg CO₂–C ha⁻¹ yr⁻¹) but lower in the intact (2,923 kg CO₂–C ha⁻¹ yr⁻¹). CH₄ emissions 

were highest in the intact HVBW (2,757 kg CH₄–C ha⁻¹ yr⁻¹), intermediate in recovering sites (879 kg CH₄–C ha⁻¹ yr⁻¹), and 

lowest in converted sites (37 kg CH₄–C ha⁻¹ yr⁻¹). The intact HVBW had 224 Mg C ha⁻¹, indicating carbon loss rates of 2.6 30 

Mg C ha⁻¹ yr⁻¹ over 45 years for converted HVBWs. Restoring Taita Hills wetlands would sequester 1.1 Mg C ha⁻¹ yr⁻¹, 

offsetting ~0.0005% of Kenya's annual agricultural GHG emissions, or 9.8% when scaled nationally. These findings highlight 

trade-offs between GHG emissions and carbon storage in HVBWs, with wetland recovery promoting functional restoration 

and long-term carbon sequestration in SSA. 
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1 Introduction  

Globally, agriculture is estimated to cover 40% of the Earth’s land and is a major driver of wetland loss, leading to reduced 

soil organic carbon (SOC) stocks and increased greenhouse gas (GHG) emissions (Jia et al., 2022; Li et al., 2024, 2025). 
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Wetlands cover approximately 5-7% of Sub-Saharan Africa (SSA), store approximately 155 Gt of SOC, and are vital to the 

livelihoods of millions of people (Dube et al., 2023; Jones et al., 2016). African wetlands play a crucial role in providing 40 

ecosystem services, including agricultural production, water provisioning, flood protection, biodiversity, and climate 

regulation (Convention on Wetlands, 2025; Rebelo et al., 2010; van Dam et al., 2013).  In recent decades, Africa has 

experienced a 50% loss of wetlands, surpassing the global loss rate of 35%, primarily driven by conversion to agriculture 

(Dube et al., 2023; Fluet-Chouinard et al., 2023; Ramsar Convention on Wetlands, 2018). Wetlands can be exceptionally 

fertile, with nutrient-rich soils available year-round (Beuel et al., 2016), and are often converted to agriculture when upland 45 

soils under low-intensity cultivation no longer support yields needed to sustain growing populations (Garba et al., 2025). 

Highland Valley-Bottom Wetlands (HVBWs), located in montane systems above ~1200 m.a.s.l., are an important component 

of the highland perennial farming system, which cover  39.3 million ha and supports 82.5 million people in Sub-Saharan Africa 

(Lynam, 2020). African montane systems are ecologically distinct and valued for their contribution to water resources and 

biodiversity (Njana, 2025; Simango, 2024). In East Africa, HVBWs support more than 65% of local communities through 50 

agriculture, either financially or directly through the provision of food (Lynam, 2020; Marinus, 2021), and are increasingly 

under pressure, due to population growth, drying lowlands, and economic growth (Gubamwoyo et al., 2025). This conversion 

leads to changes in hydrological flow-paths for flood management and irrigation, the addition of nutrients from manure or 

fertilizer application, and the alteration of wetland geomorphology (Gubamwoyo et al., 2025; Li et al., 2025). These changes 

alter GHG emissions and SOC stocks and are commonly associated with reduced CH₄ emissions but increased CO₂ and N₂O 55 

emissions, with residual CH₄ emissions often restricted to drainage ditches (Gardner & Finlayson, 2018; Peacock et al., 2021; 

Tangen & Bansal, 2020). As a result, the relative contributions of CH₄, CO₂, and N₂O to annual GHG emissions shift 

substantially (Anthony & Silver, 2021; Li et al., 2024; Nahlik & Mitsch, 2011; Xu et al., 2019). Despite the importance for 

livelihoods and to climate feedbacks, the impact of smallholder wetland conversion on SOC stocks and GHG emissions in 

these wetlands has not been previously studied.  60 

GHG dynamics in wetland soils are controlled by biogeochemical processes that regulate CO₂, CH₄, and N₂O production and 

consumption. These processes are influenced by proximate and distal factors (Malak et al., 2021), which are essential for 

developing effective mitigation strategies. Proximate controls directly impact GHG emissions and include biogeochemical and 

physicochemical properties such as organic matter, nutrients, dissolved oxygen, and temperature (Pasut et al., 2021; Turetsky 

et al., 2014; Yang et al., 2025). Distal controls indirectly affect GHG emissions by altering hydrology and nutrient 65 

concentrations through factors such as land-use change and hydrogeomorphology (Turetsky et al., 2014). Soil respiration 

generates CO₂, while CH₄ is produced through methanogenesis mainly under waterlogged, oxygen-depleted conditions and is 

oxidized when the soil becomes aerated (Mander et al., 2025). N₂O is produced via nitrification and denitrification, with related 

pathways, such as nitrification-denitrification and DNRA, also contributing to its production (Bahram et al., 2022; Vymazal, 

2025). Under carbon-rich, low-nitrate conditions, complete denitrification can reduce N₂O to N₂, thereby limiting N₂O 70 

accumulation, a condition  typical of intact wetlands. In HVBWs, these controls differentiate intact, recovering, and converted 

wetlands: conversion increases aeration and nitrate availability, enhancing CO₂ and N₂O emissions while suppressing CH₄ 
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production (Turetsky et al., 2014), whereas intact wetlands maintain saturated anaerobic soils, favouring CH₄ generation and 

limiting CO₂ and N₂O release (Murguia-Flores et al., 2023; Shah et al., 2024). Recovering wetlands display intermediate 

conditions as soil processes gradually shift toward those of intact wetlands. SOC stocks are highest in intact wetlands and 75 

decrease in converted systems due to cultivation, soil disturbance and degradation (Shi et al., 2024; Tangen & Bansal, 2020). 

The Taita Hills of southern Kenya are a “water tower system” (Kenya Water Towers Agency, not dated)  that supports the 

region’s water supply. The HVBWs within this and other water tower systems sustain over 95% of the livelihoods in Taita 

Taveta County. through their organic-rich, fertile soils, water availability, and flat topography. In addition, the Taita Hills 

harbour several endemic plant and animal species owing to their unique ecology of long-term isolation and varied 80 

microclimates. Therefore, they are recognized as Key Biodiversity Areas (KBA) and are included in international conservation 

initiatives (Mwacharo, 2024). Despite their economic and ecological importance, the effects of agricultural conversion have 

not been extensively studied.  

This environment promotes organic matter accumulation, thereby supporting high SOC levels and contributing to long-term 

carbon storage. According to Njeru et al. (2017), in the Taita Hills, higher elevations are associated with increased SOC levels, 85 

attributed to cooler temperatures and greater rainfall. The study further noted that land-use conversion led to a significant SOC 

loss of approximately 50% and a corresponding increase in CO₂ emissions. As land-use pressure and climate change intensify 

in the region, understanding the GHG emissions and SOC dynamics of these wetlands is crucial for sustainable wetland 

management and evidence-based climate policy-making. Although studies have been conducted in forests, detailed 

investigations of GHG dynamics and SOC storage in the HVBW remain limited. Here, we compared GHG emissions and SOC 90 

stocks in three types of HVBWs: those actively used for agriculture (converted HVBWs), those abandoned for years to decades 

(recovering HVBWs), and those never used for agriculture (intact HVBWs). 

This study focused on field-based GHG measurements, aiming to i) compare GHG fluxes and their potential biogeochemical 

controls seasonally and spatially between intact, recovering, and converted HVBWs in small headwater catchments in Taita 

Hills, Kenya, and ii) quantify cumulative GHG emissions and relate them to SOC stocks at the catchment level. We 95 

hypothesized that i) converted HVBW are major sources of N₂O and CO₂, especially during the planting seasons due to 

fertilizer N inputs, but act as sinks for CH₄ due to mostly aerobic soil conditions; ii) intact HVBWs are major sources of CH₄ 

and minor sources of CO₂ with no N₂O emissions under natural hydrological soil conditions that are mostly anaerobic; iii) 

recovering HVBW are expected to show CH₄ and N₂O fluxes shifting toward those of intact HVBWs as soils transition from 

oxic, drained conditions to more reduced, water-saturated states; and iv) SOC stocks are highest in the intact HVBWs and 100 

lowest in the converted HVBWs due to continued cultivation, ploughing, soil compaction, and increased soil organic matter 

decomposition.  
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2 Materials and Methods  

2.1 Study area  

This study was conducted in the Taita Hills (3°25´S,38°20´E) in Taita-Taveta County, southeastern Kenya, which form an 105 

integral part of the Eastern Arc Mountains, renowned for their rich biodiversity (Platts et al., 2011). The Taita Hills cover an 

area of approximately 1000 km2 at an elevation ranging from ~1200 – 2200 m a.s.l. The geological structure of the Taita Hills 

comprises banded biotite gneiss and undifferentiated Precambrian formations. These are accompanied by fertile Cambisols 

and humic Histosols, which are derived from the weathering of gneiss, making the area ideal for agriculture (Horkel et al., 

1979; Pellikka et al., 2009). Most of the study area is characterised by humic Cambisols and Umbrisols (FAO), particularly at 110 

higher elevations (Mganga et al., 2022; Njeru et al., 2017) The Hills experience two primary rainy seasons, with prolonged 

rainfall occurring from March to June and shorter, more intense rainfall from October to December, whereas January and 

February are the driest months (Gubamwoyo et al., 2025; Pellikka et al., 2018). On average, the highlands receive more rainfall 

than the lowlands (Taita Taveta County Government, 2023).  

The study was conducted in the highland valley-bottom wetlands (HVBW) of Wundanyi and Mwatate (Wundanyi: ~ 117 km² 115 

and Mwatate: ~ 57 km²) sub-catchments (Figure 1, Table S2). These wetlands comprise patches of less than 5 ha and are 

heavily used by smallholder farmers (Gubamwoyo et al., 2025). The two sub-catchments are dominated by various agricultural 

practices carried out by small-scale farmers (Table S2) (Gubamwoyo et al., 2025).  
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Figure 1: Map of the Wundanyi and Mwatate sub-catchments. (A) Land use and land cover in the two sub catchments and (B) 120 

the stream network, Highland Valley-Bottom Wetland sampling points, weather stations, and landmarks with their peak 

elevation in m.a.s.l. The scale represents the extent of the Taita Hills sub-catchments and does not apply to the inset map of 

Africa or Kenya.  

2.2 Sampling design   

To understand the temporal and spatial variation of GHG emissions in the HVBWs, bi-weekly measurements of GHG fluxes 125 

and soil parameters were carried out between November 2022 and January 2023 and April 2023 to April 2024 (16 months), 

resulting in a total of 28 sampling campaigns across 23 sites: 12 converted HVBWs, 10 recovering HVBWs, and one intact 

HVBW (Table S2).  Converted HVBWs were defined as wetlands that are currently under agriculture and range in age since 
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conversion from 1963 to 2023 (Gubamwoyo et al. 2025; Table S2). Recovering HVBWs were defined as wetlands that were 

used for agriculture in the past but have been abandoned for ≥ 5 years due to high soil moisture or frequent flooding and have 130 

regained natural wetland vegetation (Gubamwoyo et al. 2025). Only one intact HVBW, which had never been used for 

agriculture, was found. It was permanently flooded and predominantly covered by Typha latifolia vegetation, whereas the 

recovering HVBWs were partially flooded with some parts wetter than others, mainly dominated by Cyperus odoratus, except 

for two sites that were dominated by ferns. The converted HVBWs generally comprised drier soils, with a few sections having 

soil moisture greater than 30 %. Crops grown in the converted wetlands include maize, beans, kale, nightshade, French beans, 135 

peas, arrowroot, and spinach (Gubamwoyo et al., 2025). Each sampling site consisted of two random sampling patches, with 

three GHG chamber bases installed in each patch for GHG sampling (Section 2.4).  

2.3 Meteorological data    

Air temperature and rainfall data over time were collected from two local weather stations (Basic Weather Station / BWS200, 

USA) located at representative locations of the Taita Hills, monitored by the Taita Research Station under the University of 140 

Helsinki (Figure 1). Daily precipitation was measured using a tipping bucket gauge (Arg100), and the air temperature was 

measured using a temperature sensor (RH-Capac CS215).  

The study covered 2.5 dry seasons from January to mid-March 2023 and 2024 and from June to September 2023. The dry 

seasons ended with the onset of the first rain of the subsequent wet seasons, starting in mid-March 2023 and lasting until May 

(long rains season) and mid-October to mid-December (short rains) (Figure S4). Rewetting events within the study period were 145 

defined in two ways: first, as rain events occurring during the dry season after 10 consecutive days of no rain, and second, as 

the first rain event at the onset of the rainy season. There was a total of 20 days of rewetting days in the dataset, which were 

identified in April, July, August, September 2023, and March 2024. 

2.4 Soil GHG sampling, analysis, and calculation 

2.4.1 Soil GHG sampling 150 

Soil-atmosphere fluxes of CH₄, CO₂, and N₂O were measured using the closed static chamber method with manual gas 

sampling combined with GC analysis (Butterbach-Bahl et al., 2016; Rochette, 2011) for the first 24 sampling campaigns, and 

using the closed static chamber method combined with portable LI-COR analyzers (LI-7820 N₂O/H2O Trace Gas Analyzer for 

N₂O and LI-7810 CH₄/CO₂/H2O Trace Gas Analyzer for CH₄ and CO₂) for the last four sampling campaigns. Before the 

measurements, three opaque open chamber bases made from PVC (area = 0.10 m², height = 0.15 m) were inserted to a depth 155 

of 5 cm into the soil at different site patches two weeks before the start of the sampling campaign (Figure S4) (Parkin & 

Venterea, 2010). Chambers were installed on bare soil, and when necessary, vegetation was removed and the soil was allowed 

to equilibrate for a week following installation. Furthermore, during the sampling campaigns, vegetation was removed, when 

necessary, within the chamber base areas to ensure that we measured the soil fluxes. The mean chamber base height was 
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measured during each sampling campaign to account for changes and minimize errors when calculating the total chamber 160 

headspace. The intact HVBW was permanently flooded (> 40 cm water depth); therefore, a 30 m wooden walkway was 

installed to avoid disturbing the sediment during sampling, and a floating chamber was used (Figure S2).  

For gas sampling, chamber lids (area = 0.10 m², height = 0.12 m) were used to close the chamber bases and enable gas collection 

from the chamber headspace (Figure S3). The chamber lids were lined with a thin rubber seal to ensure airtight sealing and 

were held to the bases with fold-back binder clips to prevent leakage. In addition, the chamber lids were covered with reflective 165 

tape to reduce excessive heating from the incoming solar radiation. Each chamber was fitted with a pressure equilibration tube, 

an air circulation fan, a thermometer port to measure the headspace temperature during sampling, and a gas sampling point 

(Butterbach-Bahl et al., 2016; Hutchinson & Livingston, 2001; Zheng et al., 2008) (Figure S2). For the floating chamber, 

Styrofoam was lined with silver tape, and the chamber lid was fitted on top of it, leaving the hollow space open. The gas outlet 

sampling point was fitted with a transparent PVC pipe (0.5 mm diameter, 1 m length) to enable sampling, where the samples 170 

were collected after flashing the tube once. 

For manual gas sampling (the first 24 sampling campaigns), gas pooling from three replicate chambers was performed 

(Butterbach-Bahl et al. 2016). This involved collecting 20 ml samples from each chamber at four time points every 10 min. 

The replicate chambers were pooled in one pre-evacuated glass serum bottle (20 ml volume) after flushing, resulting in over-

pressurized vials. (Butterbach-Bahl et al., 2016; Clough et al., 2020; Parkin & Venterea, 2010). The filled gas vials were stored 175 

at room temperature for a maximum of one week and then analyzed for CO₂, CH₄, and N₂O concentrations at the Mazingira 

Center of the International Livestock Research Institute (ILRI), Nairobi, using a GC-ECD/FID system (GC; SRI Instruments, 

model 8610 C). For the portable LI-COR analyzers (last four sampling campaigns), one chamber lid was modified and fitted 

with two transparent 2 m-long tubes, one on the gas sampling point of the chamber lid and the other on the opposite side of 

the sampling point to facilitate air circulation. The tubes were connected to the appropriate inlet and outlet points of the LI-180 

COR instrument. Gas concentrations were obtained by placing the chamber lid on top of the chamber base and closing it tightly 

using fold-back binder clips for 5 min, after which the chamber lid was removed and gently waved to restore the air 

concentrations inside the chamber to ambient baseline levels. Once the ambient levels were attained, another gas measurement 

was taken on the next chamber. 

2.4.2 Soil GHG analysis and calculation 185 

The gas samples were analyzed for GHG concentrations (CO₂, CH₄, and N₂O). The GHG fluxes were then calculated using 

linear regression, based on the slope of the concentrations over the deployment time (Butterbach-Bahl et al., 2011; Venterea 

et al., 2009) (Equation 1).  

𝑮𝒂𝒔 𝒇𝒍𝒖𝒙 =
𝐶𝑣 × 𝑀𝑊 × 𝑠𝑙𝑜𝑝𝑒 

𝐶𝐴  × 𝑉𝑚

× 60 × 103                                                         

𝑽𝒎 = 0.02241 ×
273.1 + 𝑡𝑒𝑚𝑝

273.1
×

𝑃𝑎𝑡𝑚

𝑃0 
                                                             (1) 190 
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where Gas flux is the GHG flux (mg CO₂-C m-2 h-1, mg CH₄-C m-2 h-1, µg N₂O -N m-2 h-1), CV is the chamber volume (m3), 

MW is the molar mass (gmol-1) of carbon (12 for CH₄ and CO₂) or nitrogen (2 × 14 = 28 for N₂O ), slope is the rate of change 

in gas concentration over time (ppmv min-1), CA is the chamber area (m2), 60 is a time conversion factor from minutes to hours, 

and 103 converts mass from g to mg.  Vm is the molar volume (m3mol-1) which is further corrected for air pressure and 

temperature, temp is the headspace air temperature (°C). Patm is the atmospheric pressure at the site, and P0 is the atmospheric 195 

pressure at sea level. 

The quality of the flux data was based on the R2 value of the linear slope of the gas concentration over time, where the flux 

was accepted when R2 was ≥ 0.9 for CO₂. Moreover, in cases where the CO₂ R2 was < 0.9, the measurement was assumed to 

be faulty (e.g., leaky chamber or vial), and the fluxes of all three GHGs were excluded.  In addition, negative CO₂ fluxes were 

discarded along with all other gases, assuming faulty measurements, whereas negative fluxes for CH₄ and N₂O were retained 200 

and interpreted as gas uptake, potentially as either methane oxidation (Ueyama et al., 2021),  or conversion of atmospheric 

N₂O to N2 through total denitrification (Liu et al., 2022). In cases where the gas concentrations at the first chamber time point 

(T0) were significantly higher than the ambient concentrations, fluxes were discarded because they violated the assumption of 

a known baseline. In situations where the R2 values for CH₄ and N₂O were low (< 0.7), and the concentrations indicated very 

low or no change, these results were included to avoid over- or underestimation of fluxes. Results from the LI-COR CH₄ scatter 205 

plots indicating ebullition at the start of the measurements were analyzed, and some were eliminated from the calculation to 

avoid overestimation. In total, this led to the exclusion of 1% of CO₂, 6% of CH₄, and 4% of N₂O data points. 

The LI-COR instruments were used to measure gas concentrations in each static chamber for five minutes, with the start time 

recorded immediately after chamber closure and the end time after five minutes. Flux calculations for the LI-COR 

measurements were performed using the goFlux package in R (R Core Team, 2024; Rheault et al., 2024).  210 

2.4.3 Cumulative emissions 

The gas fluxes were aggregated into biweekly mean values with associated standard errors across each wetland type at all 

study sites. The cumulative emissions over one year were calculated using the trapezoidal integration method, which involves 

linear interpolation to fill in gaps and numerical integration between sampling times using the “Approxfun” function in R-

studio (Keane et al., 2018; Minamikawa et al., 2015). To account for uncertainty, the standard errors of the biweekly fluxes 215 

were propagated using the trapezoidal rule, which incorporates the variance and the covariance between each interval to 

account for overlap. This yields not only the cumulative emissions for each wetland but also their confidence intervals. 

2.4.3 Soil sampling and analysis 

In-situ soil moisture and soil temperature were measured in each chamber using ProCheck RS 232 soil sensors to a depth of 3 

cm. Because these sensors are not always accurate for saturated soil, we also collected soil samples for gravimetric 220 

determination of moisture content at each site. Composite samples (10 cm depth) from three different locations at each site 

were collected to determine mineral N (NH4-N and NO3-N), soil organic carbon concentration (SOC), and total nitrogen (TN). 
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Soil bulk density (BD) samples were collected using a core ring of known volume alongside samples for SOC concentration 

analysis. Both SOC and BD were collected at depths of 0-10, 10-20, 20-30, 40-50, and 50-60 cm to assess SOC stocks across 

different wetlands and to elevated changes in BD. SOC was calculated from the bulk density and SOC concentration, 225 

considering the soil depth at which the sample was collected, as described in Equation 2 (Ellert et al., 2007). Wetland 

conversion alters soil bulk density, which can bias SOC stock calculations when based on fixed depths (Fowler et al., 2023; 

Rovira et al., 2022; von Haden et al., 2020). Therefore, SOC stocks were corrected using the equivalent soil mass approach to 

improve the accuracy of comparisons to adjust for the fixed depth error (Fowler et al., 2023; Rovira et al., 2022; von Haden et 

al., 2020) (Equation 3). The core assumption was that soil mass remained relatively constant across the different sampling 230 

periods. The intact HVBW was used as the reference site for the equivalent soil mass correction. 

𝑆𝑂𝐶𝐹𝐷 = 𝐵𝐷 × %𝐶 ×  𝑠𝑑 × 0.1                       (2) 

where SOCFD is the soil organic carbon stock at a fixed depth (Mg C ha-1), BD is the bulk density (g cm-3), %C is the percentage 

of carbon measured in the laboratory, converted into mg g-1 using the 0.1 factor, and sd is the soil depth segment (cm). 

𝑆𝑂𝐶𝐹𝑀 = 𝑆𝑂𝐶𝐹𝐷 − 𝑀𝑒𝑥 × (%𝐶 ÷ 100)     (3) 235 

where SOCFM is the SOC stock for a fixed mass, Mex is the excess calculated from the deepest depth, and %C is the SOC 

concentration in the deepest soil core segment (conversion factor 100). 

Mineral N (NH4-N and NO3-N) was measured from extracts of fresh soil (ca. 4 g) was shaken with 20 mL of 1 M KCl solution, 

corresponding to an approximate solution-to-dry-soil ratio of 1:5 (w/v) and measured using colorimetric methods on a 

microplate reader (BioTek Synergy LX Multi-Mode Microplate Reader; Vermont, USA). NO3-N was measured after oxidation 240 

using vanadium chloride (VCL3) and colorimetric determination through an acidic reaction using Griess reagents, and NH4-N 

was measured using the Berthelot colorimetric reaction (Hood-Nowotny et al., 2010; Wangari et al., 2022). Soil water content 

(WC) and BD were determined using fresh soil samples by oven-drying at 105°C until constant weights was achieved. Soil 

SOC and TN were analyzed on samples dried at 50°C using an elemental analyzer (VarioMAX Cube elemental analyzer, 

Elementar GmbH, Hanau, Germany). The pH was measured on air-dried samples in distilled water extracts using a pH 245 

electrode (JENWAY 3540, Cole Parmer, UK).   

2.3 Statistical data analysis  

Gas fluxes were subjected to normality testing using histograms, QQ plots, and the Shapiro-Wilk test. In general, most 

variables violated the assumption of normality, and we therefore used a combination of non-parametric tests (Kruskal-Wallis 

tests and Kendall tests) and log transformation for statistical comparisons and tests. Non-normally distributed data were log-250 

transformed to approximate normality prior to use in linear mixed effects models (LMM). Kruskal-Wallis tests were used to 

assess the influence of wetland type on soil site characteristics (%C, %N, C:N ratio, SOC, bulk density, and soil pH) and that 

of wetland type and season on GHG fluxes and dynamic soil variable (NO3-N, NH4-N, soil moisture, and soil temperature). 

The results were then subjected to Dunn’s post hoc analysis to identify significant differences (p < 0.05) between wetland 
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types and seasons. The Kendall test was used to test for correlations among GHG fluxes and soil variables, as well as among 255 

the variables themselves. 

To identify potential controlling factors for different GHG fluxes, we used LMM (nlme package in R with variance structures). 

We systematically tested different predictor models based on proximate (e.g., soil moisture, C, N, and temperature) and distal 

(e.g., wetland type) controls for each gas. Predictor variables were tested for collinearity and were not included in the same 

model when the correlation coefficients were above 0.5. Following the procedure of Zuur et al. (2007) and Zuur & Ieno (2016), 260 

we first developed a model with a high R2 without including random effects or variance structure and tested model 

improvements based on Akaike’s information criterion (AIC), Bayesian information criterion (BIC), and the normality of 

residuals. The best-fitting models included sampling site as a random effect (random intercept) and a variance structure 

(implemented using the varIdent function) for each site to account for heteroscedasticity. All statistical analyses were 

performed using R-Studio software version 4.2.1 (version 4.2.1; R Core Team, 2024). Unless explicitly stated otherwise, the 265 

results are shown as mean ± standard error (𝑥̅ ± SE), and only statistically significant differences are reported. 

3 Results  

3.1 Climatic conditions  

Over the study period, total rainfall in the study area was 1388 mm over 16 months (November 2022 to April 2024; Figure 

S7). The long rains from mid-March to May 2023 totalled 366 mm, with April contributing 53% of the seasonal rainfall, while 270 

the short rains from mid-October to mid-December totalled 112 mm in 2022 and 614 mm in 2023, with November contributing 

the highest proportion in both years (> 80%). The long dry season from June to September 2023 had a total rainfall of 63 mm. 

The mean monthly temperatures ranged from 16 ± 0.1 °C to 20 ± 0.1 °C. The wet seasons were cooler than the dry seasons, 

with a mean monthly air temperature of 19 ± 0.1 °C during the wet season compared with 18 ± 0.3 °C during the dry season.  

3.2 Soil characteristics 275 

The soil characteristics in the top 0 – 10 cm varied among the HVBW types (Figure 2). The intact HVBWs had the highest 

mean SOC concentration (5.2 ± 0.7%), which was statistically different from the recovering (4.6 ± 0.5%) and converted (3.2 

± 0.3%) HVBWs (Figure 2A). TN concentration was also highest in the intact HVBW (0.4 ± 0.1%) and lowest in the converted 

HVBW (0.25 ± 0.02%) (Figure 2B). The soil C:N ratios were 15.9 ± 0.5 for the recovering, 13.8 ± 0.03 for the intact, and 14.4 

± 0.3 for converted HVBWs (Figure 2C). Soil C/NO₃⁻–N was significantly different across HVBW types, with the intact 280 

HVBW showing the highest ratio compared to the converted HVBW with the lowest, and the recovering HVBW intermediate 

(Figure 2D).   
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Figure 2: Box plots showing soil characteristics in the upper 0 -10 cm of the sites in different Highland Valley-Bottom Wetland 285 

(HVBW) types. Intact refers to HVBWs that have never been used for agriculture (n = 1.; recovering refers to HVBWs 

previously converted to croplands but subsequently abandoned (n = 09); and converted refers to drained wetlands currently 

used for crop production (n = 11). Two sites (Munuka, converted, and Ngelenyi, recovering) were removed from the dataset 

as they were both above the 99th percentile (z-score=2.9). Uppercase letters indicate significant differences between wetland 

types based on Dunn’s post-hoc test (p<0.05) following the Kruskal-Wallis test. SOC refers to soil organic carbon, and TN 290 

refers to total soil nitrogen. The soil C:N ratio and the C/NO₃⁻ –N ratio were calculated on a molar basis. The boxes represent 

the interquartile range (25th and 75th percentiles), and the whiskers extend to 1.5 times the interquartile range (IQR). The 

 A 
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horizontal line indicates the median, and the red point represents the mean. Points inside and around the box and whiskers 

represent data spread, while those above and below the whiskers represent outliers.  

Soil moisture, temperature, and nitrate (NO₃⁻–N) and ammonium (NH₄⁺–N) concentrations in the upper 10 cm varied across 295 

wetland types and seasons (Figure 3A, 3B, 3C, and 3D). Overall, the converted HVBWs exhibited significantly lower soil 

moisture and higher soil temperatures than the recovering and intact HVBWs, with patterns varying seasonally. Specifically, 

soil moisture in the converted HVBWs was significantly different from that in the recovering and the intact HVBWs, with 

28.5 ± 0.5%, which was 1.8 times lower than recovering (52.5 ± 0.9 %) and 1.5 times lower than intact HVBWs (45.0 ± 1.8%) 

(Figure S6). Also seasonally, soil moisture in converted wetlands was always lower than recovering and intact HVBWs per 300 

season (Figure 3). Both converted and recovering HVBWs had significantly lower NH₄⁺–N concentrations (6.3 ± 0.3 µg NH₄⁺–

N g-1 (dry weight) DW and 18.6 ± 1.3 µg NH₄⁺–N g-1 DW, respectively) than in the intact HVBWs, which exhibited 

approximately eight-folk higher NH₄⁺–N concentrations (47.4 ± 5.8 µg g-1 DW) (Figure S6). Similarly, seasonal NH₄⁺–N 

concentrations were always lower in the converted and recovering wetlands than in the intact wetlands (Figure 3D). In contrast, 

the converted HVBWs had the highest NO₃⁻–N concentrations (14.3 ± 0.9 µg NO₃⁻–N g-1 DW), whereas the intact and 305 

recovering wetlands showed substantially lower NO₃⁻–N concentrations (0.6 ± 0.1 µg NO₃⁻–N g-1 DW and 1.9 ± 0.2 µg NO₃⁻–

N g-1 DW, respectively) (Figure S6). This trend was also evident across seasons (Figure 3C). The recovering HVBWs showed 

seasonal variation in soil temperature (with higher values during the dry seasons and lower values during the wet seasons), 

whereas the converted HVBWs were significantly different across seasons for all four variables (moisture, temperature, NO₃⁻–

N, and NH4
+-N) (Figure 3).    310 
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Figure 3: Boxplots showing soil characteristics in the different Highland Valley-Bottom Wetland (HVBW) types and seasons 

(dry season: January to mid-March 2024 and June to September 2023; wet season: mid-March to May 2023 and mid-October 

to mid-December 2023)  Rewetting fluxes were defined as measurements taken after 10 days without rainfall, as well as during 315 

A

a 
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the first rain rainfall at the onset of the rainy season. Intact refers to HVBWs that have never been used for agriculture (n = 

1); recovering refers to HVBWs previously converted to croplands but subsequently abandoned (n = 10); and converted refers 

to drained wetlands currently used for crop production (n = 12). Soil moisture (%) was determined gravimetrically. Uppercase 

letters indicate significant differences (p < 0.05) between wetland types, whereas lowercase letters indicate significant 

differences between seasons for each wetland type (Dunn’s post hoc test; p < 0.05). NO₃⁻ and NH₄⁺ represent nitrate and 320 

ammonium, respectively. 

3.3 Soil organic carbon stocks 

Integrated over the sampled depth profile (0 – 60 cm), the intact HVBW had the highest SOC stock (224.27 Mg C ha-1) with 

the lowest average bulk density (BD) (Figure 4A & 4B). In contrast, the converted HVBWs showed the lowest SOC stocks of 

103.25 Mg C ha-1 (0 – 60 cm) and the highest average BD. The recovering HVBWs had intermediate SOC stocks (143.16 ± 325 

22 Mg C ha-1) and BD. 

 

Figure 4: Bar plots with error bars showing SOC stocks (A) and bulk density (B) by depth (0 – 60 cm) for each Highland 

Valley-Bottom Wetland (HVBW) type. Intact refers to HVBWs that have never been used for agriculture (n = 1); recovering 

refers to HVBWs previously converted to croplands but subsequently abandoned (n = 10); and converted refers to drained 330 

wetlands currently used for crop production (n = 12). 
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3.2 GHG fluxes 

3.4.1 Nitrous oxide (N₂O - N) flux rates 

Over the entire sampling period, N₂O–N fluxes across all sites ranged from -38.88 to 585.75 (µg m⁻² h⁻¹) with a coefficient of 

variation (Cv) of 3.1% (Table S1). N₂O–N fluxes were highest in the converted HVBWs (30.97 ± 3.13 µg N₂O–N m-2 h-1), 335 

intermediate in the recovering HVBWs (5.47 ± 1.08 µg N₂O–N m⁻² h⁻¹), and negative in the intact HVBW (-3.83 ± 1.67 µg 

N₂O–N m⁻² h⁻¹), indicating net N₂O uptake (Figure 5A; Figure S5; Table S1). There were no significant differences in the 

intact HVBWs by season. However, the recovering HVBWs had lower fluxes in the dry season (3.01 ± 1.20 µg N₂O–N m⁻² 

h⁻¹) than in the rewetting events (5.02 ± 4.22 µg N₂O–N m⁻² h⁻¹) and higher in the wet season (9.05 ± 1.81 µg N₂O–N m⁻² h⁻¹) 

(Figure 5A; Dunn’s post-hoc p < 0.05). The converted HVBWs also exhibited significantly lower fluxes during the dry season 340 

than during the wet season. The converted HVBWs exhibited higher mean fluxes during rewetting events (73.9 ± 16 µg N₂O–

N m⁻² h⁻¹), similar to the intact HVBWs (-1.94 ± 2.1 µg N₂O–N m⁻² h⁻¹) (Figure 5A).  

3.4.2 Methane (CH₄-C) flux rates 

CH₄–C fluxes ranged from -7.27 to 91.28 (mg CH₄–C m⁻² h⁻¹) with a CV of 2.3% (Table S1). Converted HVBWS had the 

lowest average CH₄ fluxes (0.48 ± 0.11 mg CH₄–C m⁻² h⁻¹) and differed from intact (31.30 ± 5.45 mg CH₄–C m⁻² h⁻¹) and 345 

recovering (10.45 ± 0.73 mg CH₄–C m⁻² h⁻¹) wetlands (Figure 5B, Table S1). In general, the converted HVBWs exhibited 

near-zero CH₄ fluxes during most sampling campaigns. CH₄ fluxes were only significantly different across seasons in the 

converted HVBWs, with lower fluxes in the rewetting events (0.35 ± 0.13) being statistically significant from the intermediate 

fluxes during the wet season (0.45 ± 0.21) and the highest fluxes during the dry season (0.54 ± 0.16).  

3.4.3 Carbon dioxide (CO₂ - C) flux rates  350 

CO₂–C fluxes ranged from 2.73 to 530.99 (mg CO₂–C m⁻² h⁻¹) with a CV of 0.55 (Table S1). Overall, converted HVBWs had 

the highest mean CO₂ flux (137.61 ± 2.72 mg CO₂–C m⁻² h⁻¹) across all seasons, closely followed by recovering HVBWs 

(134.01 ± 3.64 mg CO₂–C m⁻² h⁻¹), whereas the mean CO ₂ flux of intact HVBWs was two-fold lower (42.79 ± 5.11 mg CO₂–

C m⁻² h⁻¹) (Figure 5C, Table S1). CO₂ fluxes were only significantly different in the recovering HVBWs, with the highest 

fluxes occurring during the dry season, whereas no significant seasonal differences were observed in the intact and converted 355 

HVBWs.  
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Figure 5: Boxplots showing greenhouse gas fluxes in the different Highland Valley-Bottom Wetland (HVBW) types during 

different seasons. Uppercase letters indicate significant differences (p < 0.05) between wetland types, whereas lowercase 

letters indicate significant differences between seasons for each wetland type (Dunn’s post hoc test; p < 0.05). The N₂O–N 360 

flux scale was split into two to accommodate very high flux values and improve the visibility of the lower fluxes. N₂O, CO₂, 

and CH₄ represent nitrous oxide, carbon dioxide, and methane, respectively. 

https://doi.org/10.5194/egusphere-2026-3028
Preprint. Discussion started: 15 June 2026
c© Author(s) 2026. CC BY 4.0 License.



18 

 

3.5 Cumulative emissions 

Cumulative GHG emissions were calculated over one year (May 2023 to April 2024) for all three HVBW types (Figure 6; 

Table S8).  The N₂O–N and CH₄-C fluxes showed opposite trends in the intact and converted HVBWs. Converted wetlands 365 

had the highest total emissions of N₂O (1.6 ± 0.2 kg N₂O–N ha-1) and the lowest CH₄–C emissions (37.7 ± 9 kg CH₄–C ha-1). 

In contrast, intact wetlands acted as a sink for N₂O (-0.3 ± 0.1 kg N₂O–N ha-1) and had high CH₄ emissions (2757 ± 391 kg 

CH₄–C ha-1).  Recovering wetlands were intermediate for both gases (0.5 ± 0.1 kg N₂O–N ha-1 and 781 ± 65 kg CH₄–C ha-1).  

With respect to CO₂, emissions from converted and recovering HVBWs were similar (9534 ± 239 kg CO₂–C ha-1 and 9610 ± 

300 kg CO₂–C ha-1, respectively) and were approximately threefold higher than those from the intact HVBW (2923 ± 214 kg 370 

CO₂–C ha-1). Seasonal trends were evident, particularly for N₂O, where the rate of increase was higher during the wet season 

during the wet season in converted wetlands (Figure 6). The rate of increase in CO₂ emissions in recovering wetlands decreased, 

as observed d in the intact wetlands. 

 

Figure 6: Annual (May 2023 - April 2024) cumulative emissions of N₂O–N (Panel A), CH₄-C (Panel B) and CO₂-C (Panel C) 375 

based on trapezoidal integration of fortnightly measurements in converted HVBWs (n = 12), recovering Highland Valley-

Bottom Wetlands (n = 10) and the intact wetland (n = 1). Blue shaded regions indicate wet seasons. N₂O, CO₂, and CH₄ 

represent nitrous oxide, carbon dioxide, and methane, respectively. 

3.6 Biogeochemical controls  

The linear mixed-effects models (LMM) indicated that a combination of distal factors (wetland type and season) and proximate 380 

factors (soil characteristics) best described the different flux rates (Table 1). For N₂O–N flux, our best-fit model explained 

29% of the variation (conditional R2, Table 1) and identified significant effects of wetland type, NO₃⁻–N concentration, and 
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season. Consistent with the non-parametric analysis shown in Figure 5, intact and recovering HVBWs showed significantly 

lower N₂O fluxes than converted HVBWs, and fluxes were significantly higher during the wet season (p<0.001; Table 1). 

Increasing NO3 concentrations led to higher N₂O–N fluxes (positive slope, p<0.0001; Table 1). Rewetting events had a 385 

significant effect on recovering HVBWs, where N₂O–N fluxes were lower during these events (Table 1; Figure 5). Including 

soil carbon and nitrogen content and soil moisture did not improve model performance. 

The LMM model for CH₄-C explained 75% of the variation (conditional R2, Table 1) based on soil moisture and wetland type. 

Consistent with the non-parametric tests (Figure 5), CH₄ was higher in intact and recovering HVBWs (Table 1) and positively 

related to soil moisture across all sites. For CO₂-C, soil temperature and wetland type were included in the best-fit model but 390 

explained only 35% of the variation (conditional R2; Table 1). Increasing soil temperature led to higher CO₂-C emissions, 

although CO₂-C emissions remained lower in intact wetlands than in converted and recovering wetlands (Table 2). Intact 

HVBWs had lower CO₂-C flux rates than converted HVBWs.  

Table 1: Best-fit linear-mixed models developed for each greenhouse gas. B indicates the model coefficients, with the intercept 

representing the reference variable of either converted wetlands (for CH₄ and CO₂) or converted wetlands during the dry season 395 

(N₂O). Significance levels are denoted as follows ‘***’ p < 0.001, ‘**’ p < 0.01,‘*’ p < 0.05, ms p = 0.05 (marginally 

significant), and ns p > 0.05 (not significant).  The conditional R2 values are also shown (Nakagawa & Schielzeth 2013) 

Predictor variables B Standard error p-values 

N₂O-N flux (µg m-2 h-1)     

Intercept 1.51 0.24 *** 

NO₃⁻–N (µg g-1 DW)  0.03 0.006 *** 

Wetland type (intact) -2.35 0.70 *** 

Wetland type (recovering)  -0.94 0.27 *** 

Season (rewetting events) 0.46 0.25 ns 

Season (wet)  0.61 0.21 ** 

Wetland type (intact) x Season (rewetting events) -0.59 0.94 ns 

Wetland type (recovering) x Season (rewetting 

events) 

-1.16 0.39 ** 

Wetland type (intact) x Season (wet) -0.69 0.83 ns 

Wetland type (recovering) x Season (wet) -1.17 0.31 ns 

R2 0.29   

CH₄-C flux (mg m-2 h-1)    

Intercept -0.24 0.13 * 

Soil moisture (%) 0.01 0.003 *** 

Wetland type (intact) 2.59 0.185 *** 
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Wetland type (recovering)   1.06 0.087 *** 

R2 0.74   

CO₂-C flux (mg m-2 h-1)    

Intercept 4.24 0.13 *** 

Soil temperature (°C) 0.02 0.004 *** 

Wetland type (intact) -1.18 0.14 *** 

Wetland type (recovering) -0.003 0.039 ns 

R2 0.33   

    

4 Discussion  

4.1 Overview of GHG flux patterns across wetland types 

Overall, GHG emissions varied significantly across intact, recovering, and converted HVBWs, highlighting the strong impact 400 

of land use practices and history, as well as hydrological changes on wetland biogeochemistry. The intact HVBW was 

characterized by CH ₄-C emissions that were more than two orders of magnitude higher than those of the converted wetlands, 

but approximately two orders of magnitude lower CO₂-C fluxes, and it acted as a sink for N₂O–N. In contrast, the converted 

HVBWs showed the opposite trend, with significantly higher N₂O–N and CO₂-C emissions and minimal or negative CH₄ 

fluxes. The recovering HVBWs showed intermediate fluxes for all gases, suggesting partial recovery of hydrological 405 

conditions and microbial functions (Kluber et al., 2014). The shift from CH₄-dominated to N₂O-dominated emissions, along 

with other emission changes in the investigated sites, aligns with the results from a global meta-analysis (Tan et al., 2020) and 

other field-scale studies in northern regions (Berglund et al., 2021; L. Li et al., 2025; F. Liu et al., 2025). Although studies 

from African wetlands are rare, these results are consistent with patterns found in a lowland, papyrus-dominated wetland in 

Kenya under small-scale farming (Ondiek et al., 2021).  410 

The GHG emissions measured in this study are within the range reported for other chamber-based flux measurements in both 

intact and converted wetlands in Africa (Table 2). Although few studies exist on GHG emissions in these regions (Table 2), 

data from African wetlands show that N₂O–N emissions vary widely across wetland types, while CH₄ emissions are notably 

affected by soil moisture and water-table levels. When compared to fluxes reported for other African wetlands (Table 2), CH₄ 

emissions from the intact HVBW fall within the typical range of tropical peat and mineral wetlands (Gondwe & Masamba, 415 

2014; Were et al., 2021), while N₂O fluxes in converted HVBWs were comparable to, but higher than, those reported from 

intensively cultivated Zimbabwean wetlands (Nyamadzawo et al., 2015). CO₂ fluxes were also within the range of both global 

and African wetland emissions, confirming that HVBWs significantly contribute to regional GHG budgets (Convention on 

Wetlands, 2025; Nyamadzawo et al., 2015; Schuster et al., 2024). As shown in Table 2, all African studies reporting seasonal 
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fluxes found no significant variation, which is comparable to our findings. In our study, seasonal variations only occurred in 420 

the recovering and converted HVBWs, and only for N₂O. Overall, these trends indicate that hydrology is a key regulator of 

GHG exchange, controlling the balance between aerobic decomposition, methanogenesis, and denitrification. 

4.2 Nitrous oxide (N₂O) dynamics 

Nitrous oxide fluxes varied significantly across different HVBW types, with converted HVBWs showing the highest 

emissions, recovering HVBWs showing intermediate levels, and the intact HVBW acting as a net N₂O sink. The LMM 425 

identified season, soil moisture, NO₃-N concentration, and wetland type as key predictors of N₂O fluxes, highlighting the 

strong connection between hydrology and nitrogen availability in wetlands.  

Converted HVBWs had high concentrations of NO₃-N, indicating enhanced nitrification, thereby increasing N₂O dynamics 

and emissions (Ashiq et al., 2022; Bahram et al., 2022; Butterbach-Bahl et al., 2013). Agricultural intensification, including 

increased N inputs and drainage, increases soil aeration and microbial activity, thereby promoting N₂O production (Ashiq et 430 

al., 2022; Hatano, 2019). Although not statistically significant, rewetting events in the converted HVBWs showed higher mean 

N₂O fluxes, triggering short-lived but intense N₂O pulses, referred to as “hot moments,” during which microbial communities 

rapidly transition between oxic and anoxic microsites (Berendt et al., 2023; Elberling et al., 2023).  Continued aeration and 

land-use conversion in HVBWs accelerated organic matter decomposition by increasing oxygen availability and microbial 

respiration, thereby accelerating C conversion to CO₂. Wetland degradation and N inputs from fertilizers and manure further 435 

stimulated nitrification and N₂O emissions. 

In contrast, the intact HVBW exhibited low to negative N₂O fluxes, consistent with low NO₃-N concentrations and persistently 

anaerobic conditions. These conditions likely promoted complete denitrification, enabling microbial reduction of N₂O to N₂ 

and resulting in net N₂O uptake rather than emission (Butterbach-Bahl et al., 2013; Martínez-Espinosa et al., 2021). Saturated 

pore spaces and redox gradients typical of wetland soils further facilitated the reduction of N₂O to inert N₂ (Mander et al., 440 

2025; Martínez-Espinosa et al., 2021). The observation that intact tropical African wetlands can act as N₂O sinks is notable 

and rarely documented. A study in Congo is one of the few African studies that indicated naturally inundated wetlands as N₂O 

sinks with negative fluxes of -0.19 kg N₂O–N ha-1 yr-1 (Barthel et al., 2022). Soil C is a key control on microbial processes in 

intact HVBWs. The comparatively high C/ NO₃⁻–N ratio in the intact HVBW promotes complete denitrification by providing 

sufficient organic carbon as an electron donor relative to NO₃⁻ availability (Allen et al., 2023).  445 

Recovering HVBWs showed intermediate N₂O emissions, reflecting partial hydrological recovery and transitional nitrogen 

dynamics. Legacy effects of past cultivation and fertilizer use likely promoted incomplete denitrification, leading to variable 

N₂O emissions. Emissions decreased during rewetting periods, causing these wetlands behave more like intact systems. 

Intermediate C and NO₃⁻–N levels suggest that carbon availability was insufficient for complete denitrification, resulting in 

N₂O release  (Grebliunas & Perry, 2016). 450 

Globally, natural and agricultural soils emit 2.5-6.5 Tg N₂O–N yr⁻¹ (Tian et al., 2011), and agricultural conversion continues 

to drive increases in N₂O emissions at regional scale (Ritchie et al., 2020). Our findings fit these global patterns, indicating 
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that conversion amplifies N₂O emissions, whereas rewetting reduces emissions but does not immediately reverse them (Liu et 

al., 2019). This underscores the importance of hydrological management and reduced fertilizer input in mitigating N₂O losses 

during wetland restoration. 455 

4.3 Methane (CH₄) dynamics 

Methane fluxes showed the opposite trend to N₂O: the intact HVBWs were strong CH₄ sources, recovering HVBWs were 

intermediate, and converted HVBWs acted as potential CH₄ sinks. The LMM identified soil moisture as the dominant control, 

with higher water tables promoting methanogenesis and drier soils favouring CH₄ oxidation. In intact HVBWs, persistent 

saturation (>50% soil moisture), high temperatures, and abundant organic carbon created favourable anaerobic conditions for 460 

methanogenic archaea, resulting in higher CH₄ emissions (Jiang et al., 2025). High organic carbon availability further 

supported conditions for methanogenesis through methanogenic archaea (Ashiq et al., 2022; Bridgham et al., 2013; Mander et 

al., 2025; Shah et al., 2024). These fluxes were comparable to estimates for tropical wetland, where CH₄ emissions contribute 

58–60% of the global wetland CH₄ output (Murguia-Flores et al., 2023; Poulter et al., 2017; Were et al., 2021).  According to 

Delwiche et al. (2021), global freshwater wetlands typically emit 0–20 g C m−2 yr−1, with a few emitting 20–60 g C m−2 yr−1. 465 

These ranges are much lower than the emissions from the Taita Hills.   

The recovering HVBWs emitted high CH₄ levels, reflecting the partial restoration of anaerobic conditions. This suggests that 

hydrological recovery can rapidly re-establish the CH₄ production potential, even though microbial communities may take 

longer to fully re-establish (Schuster et al., 2025). The much lower CH₄ emissions observed in some recovering HVBWs 

compared to intact HVBWs might reflect altered microbial communities, vegetation differences and delayed re-establishment 470 

of favourable biogeochemical conditions in recovering wetlands (Antonijević et al., 2025). In contrast, the converted HVBWs 

exhibited near-zero or negative CH₄ fluxes, indicating net CH₄ uptake driven by methane oxidizers under aerobic conditions 

with low soil moisture. Drier soils (25–35% moisture) inhibit methanogenesis but enhance CH₄ oxidation (Le Mer & Roger, 

2001; Wagner, 2017).  Fertilizer-derived nitrogen may also suppress CH₄ uptake by increasing microbial growth (Wangari et 

al., 2022; Wu et al., 2021), thereby compounding these effects. Thus, CH₄ dynamics in HVBWs are primarily governed by 475 

soil moisture and the associated redox potential, with conversion and drainage strongly reducing CH₄ emissions but at the cost 

of increased N₂O and CO₂ fluxes. 

4.4 Carbon dioxide (CO₂) dynamics 

Overall, CO₂ emissions cumulatively increased over time across all three HVBWs. CO₂ fluxes also varied across wetland 

types, with the highest emissions in converted HVBWs. The LMM revealed that soil temperature and moisture were key 480 

predictors, emphasizing the roles of microbial respiration and decomposition under varying hydrological conditions. 

In the converted HVBWs, annual CO₂ emissions were nearly double those from the intact HVBWs, which is consistent with 

rapid organic matter mineralization following drainage and cultivation. Aeration enhances the microbial oxidation of organic 

carbon, whereas tillage and root respiration further contribute to CO₂ emissions (Batson et al., 2015; Hao et al., 2025). Elevated 
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soil temperatures and higher bulk density in converted HVBWs were associated with increased organic matter decomposition 485 

(Ndah et al., 2024), lower SOC stocks, and higher CO₂ emissions (Tangen & Bansal, 2020). 

The recovering HVBWs displayed intermediate fluxes, reflecting partial restoration of water table conditions and microbial 

processes. Seasonal patterns were less pronounced for N₂O, suggesting more continuous respiration across the moisture 

regimes. The decomposition of legacy carbon is likely responsible for the elevated CO₂ release, even under improved 

hydrological conditions (McDaniel et al., 2019).  490 

4.5 Soil organic carbon  

Wetland conversion also corresponded to a reduction in C and N concentrations and stocks, which is consistent with global 

trends (Tan et al., 2022). Lower SOC stocks in converted HVBWs compared to intact and recovering sites reflect soil 

degradation due to land use conversion. Similar to other studies, long-term cultivation, drainage, and soil compaction enhance 

organic matter decomposition, elevating GHG emissions and bulk density, while reducing SOC stocks (Itoh et al., 2017; 495 

Prananto et al., 2020; Xu et al., 2019). Intact and recovering HVBWs exhibited bulk densities typical of organic soils, whereas 

converted sites display compacted mineral characteristics and enhanced CO₂ release from microbial activity under warmer and 

drier conditions (FAO, 2023; Tangen & Bansal, 2020). These findings are consistent with global evidence that agricultural 

conversion increases emissions while depleting soil carbon stocks (Beillouin et al., 2023; Li et al., 2025). 

SOC patterns also indicated partial recovery in restored systems. Recovering HVBWs accumulated more SOC in surface layers 500 

(0–30 cm) than converted HVBWs but remained lower than intact HVBWs at depth (30–60 cm), reflecting slower subsurface 

recovery rates. This supports the finding that while GHG fluxes respond rapidly to restoration, full SOC recovery occurs over 

decades to centuries (Ascenzi et al., 2025; Tangen & Bansal, 2020).  Intact HVBWs contained the highest stocks, maintaining 

high carbon sequestration despite elevated CH₄ emissions (Mitsch & Gosselink, 2015; Nahlik & Fennessy, 2016).  

Differences in SOC stocks among intact, recovering, and converted HVBWs reflect both the magnitude of land-use impacts 505 

and the rate of recovery. Based on Gubamwoyo et al. (2025), the total HVBWs area in the Taita Hills is approximately 194 ha. 

Using the intact HVBW as a reference, the original SOC was 43,456 Mg C. Complete conversion to agriculture would reduce 

this to 19,982 Mg C, a loss of 23,474 Mg C. Assuming that most wetlands were converted 45 years ago (based on small holder 

interviews, Gubamwoyo et al., 2025), converted HVBW have a mean annual loss rate of 2.7 Mg C ha⁻¹ yr⁻¹. Recovering 

HVBWs were abandoned ~35 years ago (Gubamwoyo et al., 2025), and assuming sequestration as the difference between the 510 

converted and the recovering stocks, the mean sequestration rate is 1.1 Mg C ha⁻¹ yr⁻¹, although these stocks are currently 30% 

lower than in the intact HVBW. These rates fall within the global ranges reported for restored wetlands (0.5–

3.0 Mg C ha⁻¹ yr⁻¹; Abrar et al., 2025; Mitsch et al., 2013). However, these estimates should be interpreted with caution, as 

they assume linear loss rates. In fact, SOC accumulation is influenced by factors such as carbon litter quality, hydrological 

stability, disturbance history, and environmental variability (Tangen & Bansal, 2020). Chronosequence analyses, 515 

characterization of carbon quality, and dating of soil cores would further refine these estimates. Nonetheless, abandoned 

wetlands exhibit encouraging SOC recovery and intermediate GHG emissions, suggesting gains from partially restoring these 
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wetlands. Studies from rewetted freshwater mineral-soil wetlands indicate that OC sequestration may transiently increase 

during the early post-rewetting phase before stabilizing over decadal timescales (Mistry et al., 2026). Assuming that 50% of 

the converted HVBWs in the Taita Hills are restored, it would result in 71.5 1 Mg C yr⁻¹ sequestered, or roughly 0.0005% of 520 

Kenya’s annual agricultural emissions, based on 2024 emission estimates (Climate Watch, 2025). Based on a wetland 

classification for HVBWs in Kenya (Gubamwoyo et al., 2025; Gubamwoyo et al., in prep), restoring 50% of HVBWs across 

Kenya could sequester up to 1,494,766 1 Mg C yr⁻¹, representing up to 9.8% of the agricultural-based emissions.  

4.6 Global Warming Potential 

The Global Warming Potential (GWP; CH₄ + N₂O) varied among all HVBW types, with the intact HVBW showing the highest 525 

values (282,922 kg CO₂-eq ha⁻¹ yr⁻¹), followed by recovering (80,398 kg CO₂-eq ha⁻¹ yr⁻¹) and converted HVBWs (5,033 kg 

CO₂-eq ha⁻¹ yr⁻¹). The high GWP in the intact HVBW was largely driven by CH₄ emissions associated with persistently 

anaerobic conditions, whereas conversion and drainage greatly reduced CH₄ fluxes, resulting in a lower overall GWP. 

Recovering wetlands showed intermediate values, reflecting partial re-establishment of hydrological conditions favoring CH₄ 

production. 530 

Although intact HVBWs contribute substantially to global warming potential (GWP) owing to elevated CH₄ emissions, their 

large SOC stocks and low CO₂ fluxes make them long-term carbon sinks. Thus, despite serving as natural CH₄ sources, intact 

HVBWs maintain a positive carbon balance through persistent SOC sequestration. Globally, similar trends have been reported 

for natural wetlands with high CH₄ outputs alongside substantial carbon storage capacity (Ma et al., 2024; Mander et al., 2025). 

From a management perspective, protecting intact and recovering HVBWs is crucial for maintaining regional carbon balance 535 

and mitigating climate change impacts. Restoration targets under the Convention on Wetlands (2025), which aims to recover 

30% of degraded wetlands, could effectively reduce CO₂ emissions. Complementary practices, such as maintaining high water 

tables and adopting low-input fertilizer strategies (Hochmuth et al., 2014), may further enhance mitigation outcomes in 

wetland-agriculture mosaics. 

Table 2: Rates of GHG fluxes from African wetlands measured using the static chamber method. Ranges or means with 540 

standard errors are reported unless otherwise stated. Where season is not reported, an annual mean or range is used. Intact 

wetland fluxes represent measurements made under natural vegetation (NV) conditions. Agriculture codes are as follows: SHA 

= Smallholder agriculture (mixed crops), SHR = Smallholder Rice, SHP = Smallholder Potato, RB = Raised Beds, T = 

Trenches, NF = No fertilization, and SF = Standard Fertilization. (NOTE: The table was modified to fit on a portrait to meet 

submission requirements and header formatting, a landscape version is available) 545 

Count

ry Location 

Elevation 

(m. a. s. l.) Site Description 

Agricultu

ral Use Season N₂O (µg N₂O-N m⁻² h⁻¹) 

Refere

nce 

            Intact 

Converte

d   

Kenya 800 - 1650 SHA Dry -1.5 ± 2 15.5 ± 2.3 
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Taita 

Hills 

3.383°S, 

38.362°E 

Riparian wetlands 

(Highland valley 

bottoms) 

 

Wet -6.8 ± 2.7 28.6 ± 0.3 

This 

study 

Kenya 

Anyiko 

Wetland 

0.57°N, 

38.56°E  

1,465 
Floodplain, Cyperus 

papyrus-dominated 

SHR, NF 
Annual   

−3.59 ± 

2.6 
Owino 

et al. 

2020 
SHR, 

NSF Annual   4.37 ± 3.2 

Ugand

a 

Naigomb

wa 

Wetland 

1.05°N,3

3.41°E 

1,045 

Floodplain, Cyperus 

papyrus-dominated, 

with Typha latifolia 

and Phragmites 

mauritanus 

SHR, NF 

Dry 0.5 ± 1.5 0.6 ± 2.7 Were et 

al., 

2021, 

2023 
Wet 0.5 ± 1.5 0.7 ± 2.8 

Ruhama 

Wetland, 

Kigezi 

Highland

s -

1.208°N, 

29.830°E 

1930 
Highland valley 

bottoms 

SHP, RB 
Dry     

Farmer 

et al., 

2022 

Wet     

SHP, T 

Dry     

Wet     

Zimba

bwe 

Chiota 

18.11°S, 

31.05°E 

1400 

Dambo (stream 

bottom) 
SHA 

Wet   

3.5 (-705 

– 120)b 

Nyama

dzawo 

et al., 

2015 Dambo (mid slope) 
 

Wet   

2.5 (-60 – 

80)b 

Democ

ratic 

Repub

lic of 

Congo 

Mbandak

a 0.063 

°N, 

18.310°E 

300 
Seasonally Flooded 

Swamp Forest 
NV 

Annual 

39.4 (21.1 – 

72.4)c   

Barthel 

et al., 

2022; 

de 

Clippel

e et al., 

2025 

      

Annual 

-2.17 (-8.56 

– 8.68)c   

     

Botsw

ana        

19°S 

to 

20°S; 

22°E 

to 

24°E  

Guma 

930 - 1000 

  

Floodplain 

NV 

Annual     Gondw

e & 

Masam

ba, 

2014 

Nxaraga Annual     

Xakanax

a Annual     

Okavang

o Delta 
  

Annual 

Annual     
Gondw

e et al., 

2021 
  

  

Annual 

Annual   

Table continued 

Count

ry Location 

Elevation 

(m. a. s. l.) Site Description 

Agricultu

ral Use Season 

CH₄ (mg CH₄-C m⁻² 

h⁻¹) 

Refere

nce 

            Intact 

Converte

d   

Kenya 
Taita 

Hills 
800 - 1650 

Riparian wetlands 

(Highland valley 

bottoms) 

SHA Dry 29.2 ± 7 0.8 ± 0.2 This 

study  
Wet 33.9 ± 8.8 0.19 ± 0.1 
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3.383°S, 

38.362°E 

Kenya 

Anyiko 

Wetland 

0.57°N, 

38.56°E  

1,465 
Floodplain, Cyperus 

papyrus-dominated 

SHR, NF Annual   8.3 ± 4.79 Owino 

et al. 

2020 SHR, NSF 
Annual   

4.00 ± 

6.34 

Ugand

a 

Naigomb

wa 

Wetland 

1.05°N,3

3.41°E 

1,045 

Floodplain, Cyperus 

papyrus-dominated, 

with Typha latifolia 

and Phragmites 

mauritanus 

SHR, NF 

Dry 12.1 ± 0.8   Were et 

al., 

2021, 

2023 
Wet 16.3 ± 1.3   

Ruhama 

Wetland, 

Kigezi 

Highland

s -

1.208°N, 

29.830°E 

1930 
Highland valley 

bottoms 

SHP, RB 
Dry     

Farmer 

et al., 

2022 

Wet     

SHP, T 

Dry     

Wet     

Zimba

bwe 

Chiota 

18.11°S, 

31.05°E 

1400 

Dambo (stream 

bottom) 
SHA 

Wet   

-0.98 (1.5 

– 6.3)b 

Nyama

dzawo 

et al., 

2015 Dambo (mid slope) 
 

Wet   

22.1 (-8.5 

– 84)b 

Democ

ratic 

Repub

lic of 

Congo 

Mbandak

a 0.063 

°N, 

18.310°E 

300 
Seasonally Flooded 

Swamp Forest 
NV 

Annual 0.03   Barthel 

et al., 

2022; 

de 

Clippel

e et al., 

2025 

  

(-0.04 – 

0.14)c   

Annual 

3.89 (1.68 

– 9.11)c   

     

Botsw

ana        

19°S 

to 

20°S; 

22°E 

to 

24°E  

Guma 

930 - 1000 

  

Floodplain 

NV 

Annual 17.4 ± 3.8d   Gondw

e & 

Masam

ba, 

2014 

Nxaraga Annual 13.8 ± 2.7d   

Xakanax

a Annual 15.4 ± 3.6d   

Okavang

o Delta 
  

Annual 

Annual 1.95 ± 0.5d   
Gondw

e et al., 

2021 
  

  

Annual 

Annual  

-0.034 ± 

0.004d 

Table continued 

Count

ry Location 

Elevation 

(m. a. s. l.) Site Description 

Agricultu

ral Use Season 

CO₂ (mg CO₂-C m⁻² 

h⁻¹) 

Refere

nce 

            Intact Converted   

Kenya 

Taita 

Hills 

3.383°S, 

38.362°E 

800 - 1650 

Riparian wetlands 

(Highland valley 

bottoms) 

SHA Dry 46.9 ± 8 123 ± 4.3 
This 

study  

Wet 37.2 ± 5 42.3 ± 5 

Kenya 
Anyiko 

Wetland 
1,465 

Floodplain, Cyperus 

papyrus-dominated 
SHR, NF 

Annual   

174.80 ± 

26.8 
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0.57°N, 

38.56°E  
SHR, 

NSF 
Annual   

248.29 ± 

41.2 

Owino 

et al. 

2020 

Ugand

a 

Naigomb

wa 

Wetland 

1.05°N,3

3.41°E 

1,045 

Floodplain, Cyperus 

papyrus-dominated, 

with Typha latifolia 

and Phragmites 

mauritanus 

SHR, NF 

Dry 

788.1 ± 

52.3   
Were et 

al., 

2021, 

2023 
Wet 

675 ± 

52.7   

Ruhama 

Wetland, 

Kigezi 

Highland

s -

1.208°N, 

29.830°E 

1930 
Highland valley 

bottoms 

SHP, RB 
Dry   273 ± 0.08ad 

Farmer 

et al., 

2022 

Wet   469 ± 0.19ad 

SHP, T 
Dry   

0.06 ± 

0.05ad 

Wet   0.05 ± 0.03a 

Zimba

bwe 

Chiota 

18.11°S, 

31.05°E 

1400 

Dambo (stream 

bottom) 
SHA 

Wet   

160.8 (-405 

– 1595)b 

Nyama

dzawo 

et al., 

2015 Dambo (mid slope) 
 

Wet   

244 (-8.2-

2612)b 

Democ

ratic 

Repub

lic of 

Congo 

Mbandak

a 0.063 

°N, 

18.310°E 

300 
Seasonally Flooded 

Swamp Forest 
NV 

Annual 102 ± 22d   Barthel 

et al., 

2022; 

de 

Clippel

e et al., 

2025 

  

(37.6 – 

157.23)e   

Annual     

      

Botsw

ana        

19°S 

to 

20°S; 

22°E 

to 

24°E  

Guma 

930 - 1000 

  

Floodplain 

NV 

Annual     Gondw

e & 

Masam

ba, 

2014 

Nxaraga Annual     

Xakanax

a Annual     

Okavang

o Delta 
  

Annual 

Annual     
Gondw

e et al., 

2021 
  

  

Annual 

Annual   

 

a. The average values for the dry (August and February) and wet (May and November) seasons were derived from Table 3 and 

converted to CO2-C; the reported error is the standard deviation. b. Ranges were extracted from Figures 6 and 7 using 550 

graphreader.com for data, as the data contained only two dry-season measurements, these were treated as wet season averages 

rather than annual values. Units were converted from kg ha−1 yr−1 to mg m-2 hr-1, with ranges expressed as 95% confidence 

intervals based on geometric means. c. Data were converted from annual means in units of µmol CO2 m-2 sec-1. d. Minimum 

(dry season) and maximum (wet) fluxes are reported. e. Data from a field trial, both control (no fertilization) and standard 

fertilization treatment (according to practice) are reported. f. Data were converted from original units to mg of N or C. 555 
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5 Conclusion  

This study demonstrated that wetland conversion alters GHG dynamics and soil carbon storage in HVBWs. Conversion shifts 

emissions from CH₄ to N₂O-dominated fluxes, reflecting major changes in redox potential, microbial processing, and nitrogen 

cycling. Recovering wetlands partially reestablished SOC stocks but also increased CH₄ emissions, highlighting the strong 

hydrological control on biogeochemical functioning during wetland recovery.  560 

 

Although intact HVBWs exhibited comparatively large SOC stocks and low CO₂ fluxes, they also showed elevated CH₄ 

emissions, emphasizing the important trade-offs among GHG components. These findings illustrate that the net climate effects 

of wetland conservation and restoration may not be universally beneficial and likely depend on site-specific hydrology, carbon 

accumulation history, nutrient availability, and recovery trajectories. Given that only one intact HVBW was included in this 565 

study, the observed patterns should be interpreted with caution and require validation across broader spatial and temporal 

scales. 

 

Nevertheless, the results underline the importance of considering full GHG balances together with SOC dynamics when 

evaluating wetland management strategies. Simplified assumptions that wetland conservation or rewetting inherently results 570 

in climate mitigation may overlook substantial variability among systems, particularly in tropical freshwater mineral-soil 

wetlands where empirical data remain scarce. These findings therefore provide an important contribution to improving regional 

and global GHG estimates for tropical wetlands in sub-Saharan Africa. 
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