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Abstract  

Greenhouse gas (GHG) emissions have been well studied in the temperate wetlands, 

however, similar studies are almost absent in sub-Sahara Africa wetlands, which are currently 

under intense anthropogenic pressure. Wetlands are unique ecosystems because they play a 

major role in regulation of the global biogeochemical cycles. On the other hand, they are 

considered sources of the potent GHG, methane (CH4) and nitrous oxide (N2O).  Conversion 

of wetlands to cropland alters the hydrology of the wetlands, resulting in less carbon (C) 

sequestration leading to increased emission of GHG. Concentration of GHG in the atmosphere 

has been rising over the years. Carbon sequestration in natural ecosystems such as wetlands, 

is one of the options proposed to reduce the GHG effect. Hence there is need to understand 

the emissions of the GHG from natural wetlands and whether conversion into farmlands 

influences their emissions. Therefore, this study aimed to assess the influence of wetland 

conversion into farmland on GHG (CH4, CO2 and N2O) emissions and the nutrient stocks in a 

tropical wetland of East Africa. A two-month study was carried out on a weekly basis between 

December 2017 and January 2018. The static chamber method was used to compare CH4, CO2 

and N2O emissions between converted (unfertilized cocoyam farms) and unconverted areas 

of a tropical wetland. Furthermore, soil samples were analysed to compare for differences in 

soil C stock and nutrient (N and P) stocks between converted and unconverted areas of 

wetland. Converted area was a probable sink for CH4 with flux ranging between -0.07 to 0.09 

mgm¯²h¯¹, and a source for CO2 and N2O (221.86± 17.86 mgm¯²h¯¹, 187.06±25.41 µgm¯²h¯¹ 

respectively). While unconverted area was a source for CH4, flux ranged from 5.32 to 40.59 

mgm¯²h¯¹.  Carbon and P stocks were higher in the unconverted areas (3.32±0.12%, 

42.81±0.39 ppm) while all N species (TN, NO3-N and NH4-N) higher content was observed in 

the converted area. Conversion of wetland to farmland results to increased oxidation of OM, 

consequently, a reduction in CH4 emission, while CO2 and N2O fluxes increases.  

 

Key words: Carbon sequestration, greenhouse effect, Global warming potential, wetland 

drainage, Anyiko.



  

DAMARIS KINYUA 1 

 

CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

Wetlands occupy 5-у ҈ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ŀƴŘ ŜƴŎƻƳǇŀǎǎ ǎƻƳŜ ƻŦ ǘƘŜ Ƴƻǎǘ ǇǊƻŘǳŎǘƛǾŜ 

ecosystems (Bernal and Mitsch, 2013; Mitsch et al., 2010). Wetlands have become 

increasingly important because of their unique role in regulating global biogeochemical 

cycles, a reason to promote sustainable use of these natural resources (Liu et al., 2017; Zedler 

and Kercher, 2005)Φ ²ŜǘƭŀƴŘǎΩ expansive root volume and canopy litter, coupled with the 

slow decomposition rate of organic matter due to the anaerobic conditions, makes them 

favourable climate regulators, through the sequestration of carbon (Batson et al., 2014). They 

store approximately 538 pg of C in the soils, about 30% of global soil C, making them a major 

portion of the terrestrial C budget ǇǊƻǾƛŘƛƴƎ ŀ ōŀƭŀƴŎŜ ƛƴ ǘƘŜ ǊŀŘƛŀǘƛƻƴ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ 

atmosphere (Batson et al., 2014; Bernal and Mitsch, 2012; Sjögersten et al., 2014a).  

Despite these natural ecosystems being valuable, they are under continuous threats.  

Population pressure and social economic changes have stimulated the need for more 

agriculturally productive land in quest to improve the food security (Dixon and Wood, 2003; 

Junk et al., 2013; Mitchell, 2013). Globally about 64% of wetlands have been lost since 1900 

because of human activities (Davidson, 2014). The main driver of wetland degradation and 

loss is land use change including, conversion to agriculture and pasture, reservoir building, 

urbanization and infrastructure development (Zedler and Kercher, 2005). Drainage for 

agriculture has been a prime cause of wetland loss to date, with an estimation of 26% of the 

global land area having been drained for intensive agriculture (56% to 65% in Europe and 

North America, 27% in Asia, 6% in South America and 2% in Africa) as of 1985 (Davidson, 

2014). Continued drainage of wetlands without preserving their ecological integrity will 

eventually result in ecosystem disservices such as turning wetlands from C sinks into sources 

(Nath and Lal, 2017; Zedler and Kercher, 2005).  

Besides wetlands ability to sequester C, they are considered sources of potent GHG (carbon 

dioxide (CO2), methane (CH4) and nitrous oxide (N2O) responsible for global warming (Kayranli 

et al., 2010). Wetland drainage induce changes in the wetland hydrology, and consequently 
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the amount of organic C sequestered.  Reduced C sequestration influences the CO2, CH4 and 

N2O fluxes (Page and Dalal, 2011). Changes in the OM alters the equilibrium of the global C 

cycle resulting in increased release of GHG into the atmosphere (Craswell and Lefroy, 2001; 

Kindler et al., 2011). 

Wetlands are considered key sources of CH4, a GHG having 25 times higher global warming 

potential (GWP) than CO2 (Whiting and Chanton, 2001). Methane has been reported to be  

responsible for approximately 18% of the total greenhouse effect (Mitsch and Gosselink, 

1993). Methane emissions occur through biological processes (Figure 1), comprising of (i) 

production in anaerobic conditions through methanogenesis (ii) consumption by the 

methanotrophs in the aerobic zones and (iii) direct transportation to the atmosphere e.g. 

through the aerenchyma of plants and in small quantities though diffusion and ebullition 

(Eusufzai et al., 2010). These processes are dependent on water levels, temperature and soil 

composition, hence draining wetlands has seen a reduction in CH4 emission.  

 

Figure 1: Schematic diagram of methane production, consumption and transfer pathways into 
atmosphere (Le Mer and Roger, 2001). 

Carbon dioxide forms a major component of the C cycle (Figure 2). Its flux in the atmosphere 

is as a result of (i) uptake by plant via photosynthesis, (ii) emission through plant respiration 

and (iii) emission through microbial decomposition (Boone et al., 2005). Drainage of the 

organic soils of the wetlands results in mineralization of the SOC and increased emissions of 
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C in to the atmosphere (Kasimir-Klemedtsson et al., 1997). Wetlands have large pools of C, 

hence even a small increase in the rates of SOC oxidations through drainage results in high C 

outflows into the atmosphere and results into global warming and climate change(Ma et al., 

2016).  

 

Figure 2: Schematic drawing highlighting carbon cycling processes and carbon storage (Reddy et al., 
2000). 

Nitrous oxide is a component of the nitrogen (N) cycle (Figure 3), being released as a by-

product of nitrification or an intermediate product of denitrification (Groffman et al., 2006). 

Emission of N2O is dependent on high temperatures, OM availability, inundated soils and 

availability of N nutrient components such as ammonium, nitrite and nitrates (Zhu et al., 

2013). Wetlands favour all these conditions hence considered a source of N2O, besides 

intensified agriculture would also result in increased emission of this potent GHG with GWP 

being 298 times higher than that of CO2  (Bernal and Mitsch, 2012).   
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Figure 3: Schematic illustration of nitrogen transformation in wetlands (Reddy et al., 2000)  

Land use change result in wetland destruction and the largest effect is on the carbon fluxes. 

For instance, in North America, wetlands were highly influenced by land use (Bridgham et al., 

2006). This resulted in the reduction of their ability to sequester carbon, oxidation of soil 

carbon reserves upon drainage and reduction in methane emissions (Follett, 2001). 

Furthermore, drainage also affects the soil negatively by reducing SOM content and moisture 

levels. The soil is usually disturbed when crops are planted and the planted crops rarely bind 

soil like the natural wetland vegetation (Bridgham et al., 2006).  An average loss of 10.1 Mg 

ha of soil organic carbon on over 16 million ha of wetland, in North America was reported as 

a result of agricultural conversion (Euliss et al., 2006). More studies in North America and the 

Prairies Pothole Region, have indicated that least disturbed wetlands catchments alongside 

native grasslands have relatively high C. On the other hand, soils in wetland catchments along 

agricultural settings had less C but could sequester more C if restored to similar natural states. 

Although many studies on GHG have been carried out, there are still geographical regions and 

agricultural systems that have not been characterized. Most of these studies have been done 

in temperate regions whose climatic conditions, characteristics and environmental ranges 

differ widely with those of tropical regions such as Africa. Additionally, most studies in sub-

Saharan wetlands have addressed hydrology, community structures and species diversity. 

This study did not find studies in Africa/sub-Sahara region conducted on conversion of the 

wetlands into other uses, and how these changes influence soil atmosphere GHG exchange. 

Recently, wetlands have gained attention as potential sink of the growing concentration of 

GHG, and therefore understanding the processes of C sequestration, and GHG emission in 
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tropical wetland is important. Furthermore, in October, 2016 Kenya, a sub-Saharan country, 

ratified the Paris agreement. The nations that ratified the agreement agreed to hold global 

ǿŀǊƳƛƴƎ ǘƻ άǿŜƭƭ ōŜƭƻǿέ ǘǿƻ degrees Celsius over pre-Industrial Revolution levels and on 

άǇǳǊǎǳƛƴƎ ŜŦŦƻǊǘǎέ ǘƻ ƭƻǿŜǊ ŀƴŘ ƪŜŜǇ ƛǘ ǘƻ мΦрϲ/Φ Accordingly the countries are required to 

take stocks of the emissions every five years starting 2018 (Rogelj et al., 2016).  Therefore, to 

Řƻ ǇǊƻǇŜǊ ŀŎŎƻǳƴǘƛƴƎ ƻŦ ǘƘŜ DID ƛƴǾŜƴǘƻǊȅ ƛǘΩǎ ƴŜŎŜǎǎŀǊȅ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ŜƳƛǎǎƛƻƴǎ ŦǊƻƳ 

the natural ecosystems as well as from the different land uses.  A two-month study was 

carried out to assess how the conversion of wetlands to other uses affect the emissions of 

GHG and the C stocks.  Information gained shall be used in consequent studies as a baseline, 

and can further be used to inform on importance of wetlands and the need to preserve these 

fast diminishing ecosystems. 

1.2 Objectives and research questions 

General Objective 

To assess the effect of wetlands conversion into farmlands on SOC, N and P stocks and GHG 

emission. 

Specific objectives, research questions and hypotheses 

1.  To quantify the standing stocks of C, N and P in converted and unconverted areas of a 

tropical wetland 

Research question: How does the C, N and P stocks change in converted and unconverted 

areas of a tropical wetland? 

i. H1: SOC in the unconverted areas is higher than the converted areas due to increased 

accumulation of detrital organic matter and low decomposition rate. 

ii. H1: N is high in the unconverted areas compared to the converted ones due to N 

accumulation in the soil. 

iii. H1: P is high in the unconverted areas as compared to converted areas due to retention 

by the sediments.  
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2. To compare CO2, CH4 and N2O emission and temporal patterns in converted and 

unconverted areas of a tropical wetland. 

a) Research question: How does the CO2, CH4 and N2O emission vary in converted and 

unconverted areas of a tropical wetland? 

i. H1: CO2 emission in the converted areas of the wetland is higher than the unconverted 

areas because of increased oxidation of organic C and loss of biomass. 

ii. H1: CH4 emission is higher in the unconverted areas of the wetland compared to the 

converted due to anaerobic oxidation of organic C. 

iii. H1: N2O emission is higher in the unconverted areas of the wetland compared to 

converted areas due to nitrification and denitrification processes. 

b) Research question: What are the temporal patterns of the CO2, CH4 and N2O emission 

in converted and unconverted areas of a tropical wetland? 

i. H1: CO2 emission expected to increase with a decrease in moisture content over time 

because of increased oxidation of organic C. 

ii. H1: CH4 emission expected to decrease with a decrease in moisture content over time 

because of increased oxidation of organic C. 

iii. H1: N2O emission will reduce with a decrease in moisture content over time because of 

reduced denitrification due to aerobic conditions. 

3. To determine how the emission of GHG is affected by change in SOC, N and P stocks in 

converted and unconverted areas of a tropical wetland. 

Research question: How does the gas flux vary with changes in C, N and P stocks in converted 

and unconverted areas of a tropical wetland? 

H1:  CO2 increases with decrease of C in the converted areas, CH4 decreases with decrease in C 

in the converted area and there is little effect on N2O with changes in C stocks. 
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H1: High availability of NO3 results in high N2O emissions because of enhanced denitrification 

in the unconverted area. 

H1:  Phosphorus availability results in increased CO2 emission because of increased microbial 

heterotrophic and autotrophic respiration. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Global status of wetlands 

Globally, wetlands can be found in all climates, from tropical to tundra, except in the 

Antarctica (Tiner, 2009). ²ŜǘƭŀƴŘǎ ƻŎŎǳǇȅ ŀōƻǳǘ с҈ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ŎƻǾŜǊƛƴƎ ŀōƻǳǘ мл҈ 

of North America, 20% of South America, 10% of Russia, 7% of China, 3% of tropical and 

subtropical Asia, 3% of Australia, 7% of Africa and 5% of Europe (Junk et al., 2013). Wetlands 

have been adversely affected especially in the densely populated regions such as Western 

Europe and China, and in countries with water shortages such as Australia, and in countries 

with powerful agro-industries such as the USA (Mitsch and Hernandez, 2013). Pressures facing 

global wetlands are mostly in the form of land reclamation, intense resource exploitation, 

changes in hydrology and pollution resulting to 30-90% of wetlands being destroyed or 

strongly modified depending on the region, mostly with no signs of abatement (Junk et al., 

2013).  

Much of Africa lies in arid and semi-arid regions, estimated to occupy 1-16% of the total area 

of the continent (Dixon and Wood, 2003). However, their exact estimate cannot be quantified 

due to lack of scientific investigations and inconsistency in mapping policies  (Bullock and 

Acreman, 2003). Although there are still several pristine wetlands in Africa, as compared to 

Europe and North America, many wetland areas are still facing immense pressure mostly from 

the demographic growth. Consequently, many wetlands  have been drained for agriculture 

and settlement in addition to setting up of unplanned infrastructure (Schuyt, 2005).   

hǳǘ ƻŦ YŜƴȅŀΩǎ руоΣллл ƪƳч, 14,000 km² (ca. 3 ς 4 %) are occupied by wetlands ranging from 

deltas, estuaries, mudflats and mangroves, swamps, marshes and floodplains (Okeyo-Owuor 

et al., 2016). Drive for economic growth, agricultural practices and development have been 

reported to be the major threats to papyrus wetlands and their biota, mainly through 

drainage, clearing and reclamation  for subsistence crop production (Morrison et al., 2012). 

Mafabi ( 2000), in a comparative aerial survey of Lake Victoria basin wetlands between 1969 

and 2000, reported 50, 47 and 34% loss in Dunga, Koguta and Kusa respectively.  
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In Kenya, drainage and conversion to arable land have been the key drivers to degradation of 

wetlands (Mironga, 2005). Kenya ratified the Ramsar convention in 1990, nevertheless, much 

of the wetlands had already been degraded through drainage and reclamation, overgrazing 

and pollution (Mironga, 2005). Communities living near the wetlands rely almost 100% on the 

wetlands for their livelihood especially for source of their water, food, and building materials 

such as clay, sand, wood and papyrus (Schuijt, 2002). 

2.2 Land use cover change in wetlands 

Globally, wetland loss has exceeded 50% of their original extent, however the rates of loss 

have decreased in Europe and North America (Mitsch and Hernandez, 2013).  In other parts 

of the globe, rapid conversion of inland natural wetlands is still continuing (Davidson, 2014).  

In Costa Rica, wetland conversion was reported to be highly influenced by the topography. 

For instance, the wetlands that were easily accessible had the highest conversion rates 

(Daniels and Cumming, 2008). In general, people influence as well as depend on the 

ecosystem services provided by the wetlands (Clarkson et al., 2013). Accordingly, in China a 

net loss of 50,360 km2 due to human activities resulting from change in land use have been 

reported (Kirwan and Megonigal, 2013; Wang et al., 2012). Furthermore, study by Song et al., 

(2008), in the Sanjiang plain using remote sensing reported a change in the land use, where 

there was a decrease in the forests, and waterbodies in addition to an increase in the 

residential area and farmland. Their correlation analysis indicated that demographic growth 

was the main driving force for increased of farmland. 

2.3 Carbon sequestration and greenhouse gases: CO2, CH4 and N2O emission in wetlands  

Carbon sequestration is the long-term removal of CO2 from the atmosphere, through the 

plant biomass into SOM (Johnson et al., 2007). Consequently, build-up of SOM results in 

increased soil quality and soil productivity, reduced risk of soil erosion, and decreased water 

contamination and eutrophication. Wetland soils play an important role in global climate 

alleviation (Nag et al., 2017). The accumulation of C in wetlands soils is facilitated by the 

expansive root volume and canopy litter, and the slow decomposition of organic matter due 

to the anaerobic conditions (Batson et al., 2014). While wetland ecosystems are considered 

to have a potential for C sequestration from the atmosphere, they could also be a source, 

since organic C is highly sensitive to environmental changes such as water content, 
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temperature, nutrient regimes and microbial activity (Kindler et al., 2011; Veber et al., 2017). 

Furthermore, human activities (including land use change) play a major role in the soil organic 

carbon (SOC) dynamics (Ma et al., 2016). 

Generally, GHG production and fluxes together with C sequestration and nutrients availability 

in wetland soils are controlled by abiotic factors that are highly variable among them, e.g. soil 

moisture and temperature, water depth, hydro period, water chemistry and redox conditions 

(Hernandez and Mitsch, 2006; Smith et al., 2003). In addition, the vegetation and microbial 

community composition together with organic substrate availability are also important 

factors influencing the GHG flux and C (Liu and Greaver, 2009). All these biotic and abiotic 

factors are closely linked to climate, ground water interactions, and geomorphology, hence 

they are affected by human activities such as land use change (Tangen et al., 2015).  

 A study conducted in the Zoige alpine wetland in China by Ma et al., (2016) found that the 

CO2 emission of the permanently saturated wetlands was lower (203 mg m-2h-1) than that of 

drained wetlands converted to grasslands (323 mg m-2h-1), providing evidence of C 

accumulation in the wetland. The amount of OC in soil influences the emission of the GHG, 

Cui et al., (2015) and Li et al., (2005) reported that increase in the SOC resulted to increase in 

N2O production and a negligible effect on CH4. They related this positive correlation between 

SOC and N2O flux to the coupled biogeochemical cycles of C and N.  

2.4. Influence of wetlands drainage and conversion (land use/cover change) on GHG emission 

Wetlands are usually characterised by nutrient rich soils with high moisture  content available 

all year round (Sakané et al., 2013). Owing to this characteristic, wetlands are prone to 

conversion into agricultural production systems. In East Africa, wetlands have been reported 

to provide 10-пл҈ ƻŦ ǘƘŜ ǊǳǊŀƭ ǇƻǇǳƭŀǘƛƻƴΩǎ ŀƴƴǳŀƭ ŦƻƻŘ ƴŜŜŘǎ (Kamiri et al., 2013). However, 

conversion of the wetlands has its negative impacts, such as loss of ecosystem services (ES) 

for instance C sequestration. Conversion of a pristine wetland in Ethiopia to farmland provides 

evidence of lost ES, where the drained wetland showed reduced water availability and 

reduction in crop yields (Dixon and Wood, 2003). Reduction in the crop yield was attributed 

to decrease in soil C and N, since drained is associated with aeration of soil consequently 

reducing C and N availability. 
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Land use change impacts the net emissions of the GHG. For example, if peatlands are drained 

for agriculture it results in increased emission of N2O along with that of CO2, but CH4 emission 

is decreased (Smith et al., 2004).  In the Prairies Pothole Region, a study by Tangen et al., 

(2015) on how land use affected the GHG fluxes reported that soil OC was lost when 

undisturbed wetlands were converted for agriculture. Veber et al. (2017) reported that 

human impacted peatlands had higher GHG emission, where agricultural activities, especially 

crop production together with intensive grazing in the mountain peatland pastures were the 

main factors studied. Furthermore, undisturbed vegetated wetlands in Australia were found 

to be net GHG sinks, but after drainage, the wetlands and the mangrove forest turned into 

carbon sources (Finlayson et al., 2013). 

2.5 Carbon, nitrogen and phosphorus stocks and land use change 

Land use change may occur naturally or be influenced by human activities, resulting in land 

cover change and consequently a reduction in associated C stocks (Houghton et al., 2012). 

Soil OC is highly influenced by the vegetation cover, and any change in the land use may 

considerably modify the related characteristics of source or sink for the GHGs, because the 

plant species differ in root depth and spatial distribution in different land uses (Oertel et al., 

2016). Wetlands anaerobic condition nature allows them to inherently accumulate C in the 

soils. However, management such as drainage may cause return of the accumulated C into 

the atmosphere (Borges et al., 2015). 

Conversion of natural ecosystems to agriculture have been reported to decrease SOM and 

contribute significantly to the increase in CO2 concentrations in the atmosphere (Puget and 

Lal, 2005).  According to Guo and Gifford, (2002), a reduction of SOC was reported with soils 

losing 42 and 59% of SOC upon conversion from forest to croplands and from grassland to 

crop, respectively. Correspondingly, another study by Ma et al. (2016) using the 

Environmental Policy Integrated Climate (EPIC) model, reported drainage as one of the main 

driving factors for SOC loss in the wetlands, conversion of the wetlands via drainage to 

grassland since 1980 had resulted to a loss of approximately 4 t C ha-1 from the SOC stock. 

Qingshui et al., (2014) using spatial analysis and statistics method reported a decline in the 

swamps and floodplain area in China, causing C loss from wetlands when the wetlands are 

converted to other land uses.  
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Phosphorous in ecosystems is mainly from mineralization and weathering process under 

natural conditions (Reddy et al., 2000). In this regard, wetlands are known to accumulate P in 

the sediments, vegetation and detrital materials. Therefore, conversion of wetland to 

agricultural land decreases the ability of wetlands to retain P.  

2.6 Relationship between N, P, SOC and GHG emission 

Greenhouse gases emission is dependent on microbial activities, chemical decay processes 

and heterotrophic respiration of soil fauna and fungi (Smith et al., 2003). Nutrient availability 

dominates these processes, coupled with soil moisture content, temperature, pH and land 

cover related parameters (Oertel et al., 2016). Naturally occurring N and C, together with 

atmospheric deposition, manure and fertilizer application play a critical role in the emissions 

of the GHGs (Chapuis-lardy et al., 2007; Ludwig et al., 2001; Oertel et al., 2016).   

Studies by Cobo et al., (2010) and Song et al., (2013), suggested that addition of N in wetland 

ecosystems altered soil physical characteristics, microbial communities and the vegetation 

communities which influence the GHG emissions. Oertel et al., (2016) reported a negative 

correlation of N2O emission with the C/N ratio, with the lowest emission being recorded at 

/κb җ ол ŀƴŘ ƘƛƎƘŜǎǘ ŀǘ /κb ǾŀƭǳŜǎ ƻŦ ммΦ CǳǊǘƘŜǊΣ ǘƘŜ ǎǘǳŘȅ ǊŜǇƻǊǘŜŘ ŀ ǇƻǎƛǘƛǾŜ ŎƻǊǊŜƭŀǘƛƻƴ ƻŦ 

CO2 and CH4 emission with the C/N ratio. Increasing N content results to high soil respiration 

and high net ecosystem exchange, if C is not limiting. Intensive management of the peatlands 

was found to alter the soil C/N balance, leading to higher variability of GHG emission (Veber 

et al., 2017).  

In ecosystems that are N limited, addition of N causes higher N content in plant tissue, leaves 

and the litter fall, which in turn accelerates the assimilation and dissimilation processes of 

CO2 and intensifies the substrate for N2O emission from soil (Aronson and Helliker, 2010). The 

net atmosphere ς biosphere exchange of GHG markedly depends on the coupled C-N cycles 

and the local conditions (Qingshui et al., 2014). According to  Aronson and Helliker(2010), the 

effect of N on GHG emission is closely related to the form of N, duration  and the timing of N 

fertilizer application, and its interaction with the abiotic factors. 

Phoshoprus on the other hand is considered a key element of the microbial processes (Wang 

et al., 2017). Consequently, a positive correlation has been observed between CH4 and CO2 
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production with soil P content and microbial biomass (Wright and Reddy, 2001). 

Correspondingly, in Belize marsh sediments microbial activities were found to be positively 

affected by addition of P, and this led to the assumption that the system was P limited. In 

addition to this,  methanogenesis was observed to increase in treatments with enriched P 

όtƛǾƴƛőƪƻǾł Ŝǘ ŀƭΦΣ нлмлύ. 

2.7 Greenhouse gas measurements in wetlands 

Tropical wetlands play an important role in the global C cycle (Page and Dalal, 2011). On the 

other hand, they are under intense pressure from agriculture, resulting to increased CO2 

emissions into the atmosphere from these ecosystems (Houghton et al., 2012). Increased 

GHG emission in tropical wetlands can be estimated and/or predicted using the existing 

wetland modelling tools (Sjögersten et al., 2014a). However, inclusion of these wetlands is 

hindered by lack of data to validate them (Farmer et al., 2014). A review by Sjögersten et al., 

(2014b) acknowledged a significant lack of data on carbon balance and GHG fluxes from the 

natural wetlands, hence limiting the ability of global climate change models to make accurate 

predictions on future climate. In this regard the study recommends exigent need for good 

quality data on carbon dynamics in natural wetlands in addition to, CO2 and CH4 flux data, 

accounting for spatial and temporal variation, to be used for evaluating model predictions. 

Correspondingly, a study Van Dam et al., (2007) while creating a simulation model for papyrus 

wetland prompted need for more research on denitrification processes in natural wetlands.  

Besides, this will provide a comparison and robust understanding of how tropical wetlands 

differ from the well-studied temperate wetlands in addition to enabling incorporation of 

tropical wetlands into global climate change models.  

Following the aforementioned gaps on lack of sufficient data on GHG emission, measuring the 

GHG fluxes exchange between soil and atmosphere in natural ecosystems such as wetlands 

and managed systems is of critical importance (Collier et al., 2014). Furthermore, 

understanding the contribution of both natural and managed systems informs on 

development and evaluation of GHG mitigation strategies (Myhre et al., 2013). There is a 

range of GHG measurements strategies varying from mass balance to micrometeorological 

approaches each characterised by pros and cons (Denmead, 2008). Chamber based 

(automated or manual) and micrometeorological measurements (gradient method or eddy 
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covariance) are the commonly used techniques to measure GHG flux exchange between 

terrestrial ecosystems and atmosphere (Butterbach-Bahl et al., 2016). 

Micrometeorological approaches are based on a real time direct measurement of vertical 

GHG fluxes. However,  the assumption made by this approach is that fluxes are nearly 

constant with height and that concentrations change vertically but not horizontally 

(Denmead, 2008). This methods are considered to have advantage over chamber based 

method because the approach integrates fluxes over large areas (>ha), in addition to having 

high temporal resolution and no interference with the microenvironment (Butterbach-Bahl 

et al., 2011; Hensen et al., 2013). On the other hand, the method has its limitations among 

them, need for large homogenous surfaces, requirement for fast response infrared sensors 

which are normally expensive (Collier et al., 2014). Furthermore, atmospheric stability may 

affect the measurements during the night, causing constrain to the data captured (Hensen et 

al., 2013). 

Chamber based method, unlike the micrometeorological counterpart focus on gas 

concentration at the soil surface, where sampling is restricted to above ground headspace. 

Chamber method covers a finer scale usually small surface areas up to   < 1 m², hence are 

considered rather simple and therefore often used in most studies (Butterbach-Bahl et al., 

2016). Chamber based measurements have several advantages over the micrometeorological 

approach. To start with gas samples collected using chamber method can be stored for future 

analysis, secondly, its cheap in terms of capital cost considering the chambers do not require 

power supply at the site, also they do not require fast response sensors. Finally chamber 

method allows for process studies and experiments with many treatments (Denmead, 2008; 

Flechard et al., 2007; Rosenstock et al., 2016). Nonetheless, they are subject to high 

coefficients of variations due to spatial variation, moreover while installing the chambers into 

the sites, environmental conditions are disturbed which may influence the flux measured 

(Butterbach-Bahl et al., 2016; Collier et al., 2014). Due to the disturbance to the 

environmental conditions it is advised that the chamber bases are installed into the study site 

at least a week before collection of samples begin. Further recommendations on chamber 

methods are given by Parkin and Venterea, (2010). According to Hensen et al., (2013), 

chamber based measurements are likely to miss peak events such as rainfall, because the 

experimentalist are not always at the site, in addition to the idea that chambers can only be 
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closed for a limited period per day. Therefore, Hensen et al., (2013) recommended use of 

automatic chambers to address this limitation, although the automated chambers will require 

more capital cost, making them more expensive to use in the end covering smaller study area. 

This study used static chamber method, because it iƴǾƻƭǾŜǎ ƳƛƴƛƳǳƳ ŎŀǇƛǘŀƭ ŎƻǎǘΣ ƛǘΩǎ Ŝŀǎȅ ǘƻ 

follow in addition to having a laid out protocol. 

Gas samples collected by the use of chamber based method are analysed commonly by either, 

gas chromatography (GC) or photoacoustic spectroscopy (PAS) method (Butterbach-Bahl et 

al., 2016). The principle behind PAS is that the GHG absorbs light at specific wavelength, then 

the absorption is directly linked to the concentration. More specifically, PAS converts the 

absorption of light into acoustic signal which is then measured by a microphone (Leytem et 

al., 2011)Φ LǘΩǎ ŀƭǎƻ ǇƻǎǎƛōƭŜ ǘƻ ǳǎŜ t!{ ǘŜŎhnique in the field, by making a closed loop 

connection between the chamber and the PAS instrument, in a way that air leaving the 

apparatus returns to the chamber avoiding dilution or under-pressure. This technique has 

gained popularity over the recent years, but according to Iqbal et al., (2013), its precision and 

accuracy is still uncertain as compared to GC. 

Gas chromatography technique follows principle of separating a compound into its molecular 

constituents (Hensen et al., 2013). This analytical technique using GC is most commonly for 

determination of GHG concentration in gas samples from chambers (Butterbach-Bahl et al., 

2016). In general, 1 ς 3 ml of gas sample is injected into the GC and the different compounds 

are separated in an analytical column. A 63 Ni Electron Capture Detector (ECD) is usually used 

for N2O, operating at temperatures ranging from 330 to 350 °C, with highest sensitivity N2O 

and lowest cross ς sensitivity to CO2 (Wang et al., 2010). Whereas for CH4, a flame ionisation 

detector (FID) is normally used, but in case a methanizer is introduced before the detector, 

CO2 can also be measured with FID or use of thermal conductivity detector. Analysis of gases 

in this study followed GC technique. 
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CHAPTER THREE 

MATERIALS AND METHODS   

3.1 Site description 

Anyiko wetland is an inland permanent riverine wetland located in North East Ugenya 

location, Siaya County, Kenya. The wetland is in mid lower section of Nzoia River basin 

covering an area of 4 Km², with an average length of 6Km, situated within ƭƻƴƎƛǘǳŘŜǎ лϲмсΩΣ 

оуϲрсΩΩbΣ лϲмпΩΣ муϲссΩΩb ŀƴŘ ƭŀǘƛǘǳŘŜǎ опϲмсΩΣ орϲррΩΩ9Σ опϲмуΩΣ лϲртΩΩ9 (Figure 4). The 

wetland is fed by underground springs and six streams, drains into Nzoia River, which in turn 

drain into Lake Victoria. Anyiko is characterized by Cyperus papyrus as the dominant plant, in 

addition to Phragmites sp. The main activities in Anyiko include farming, mainly smallholder 

rice production in the lower sections and small-scale subsistence farming of cocoyam and 

vegetables. The community members also harvest papyrus for fibre and mats production as 

source of income. 

 

Figure 4: Map of the study site showing the hydrological connection of the wetland and the sampling 

sites shown by the red dots. The arrow indicates the direction of flow. 
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3.2 Study design 

The study was conducted during the dry season between December 2017 and January 2018; 

no rainfall was recorded throughout the study period. The design included five sampling sites, 

selected in a manner that allowed comparison between (i) converted and unconverted, (ii) 

longitudinal (upper and lower reach) and (iii) transverse (seasonally and permanently 

flooded) variation within the wetland. Converted area of the wetland had one site (Farm), 

while the unconverted area had four sites, spread longitudinally along the upper reach (URO 

and URM) and lower reach (LRO and LRM), and transversely along the outer edge (URO and 

LRO)  and middle section (URM and LRM)  of the wetland respectively (Figure 5). In the 

unconverted areas, the papyrus crop was cleared to provide room for chamber base 

installation.  

 

Figure 5:  Schematic diagram showing the spatial study design, (not to scale). 
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3.2.1 Site characteristics 

Converted area of the wetland (Farm) (URF 1 [ŀǘΥ лϲмсΩ омΦнпΩΩ bΣ [ƻƴƎΥ 34°16Ω ппΦтсΩΩ9, URF 

2 [ŀǘΥ лϲмсΩ ооΦртΩΩ bΣ [ƻƴƎΥ опϲмсΩ псΦтпΩΩ9Σ ¦wC о [ŀǘΥ лϲмсΩ ооΦосΩΩ bΣ [ƻƴƎΥ опϲмсΩ псΦтмΩΩ9): 

formerly part of the wetland, but the area was drained and converted into a farmland.  The 

land was not under intensive management, i.e. no fertilizers were being applied to the farms. 

Cocoyam was the main crop produced in the chosen site (Figure 6), maturing for harvest in 6 

months.  

 

Figure 6: The converted area showing cocoyam as the main land use (a) URF 1, adjacent to the wetland, 

recently converted (<1Year) (b) URF 2, have been farmed for 6 years, (c) URF 3, adjacent to 

URF 2, farmed for 6 years, (d) and (e) shows the developed cocoyam plants , the arrows 

shows chambers during a sampling event.  

Upper reach outer edge (URO) (¦wh м [ŀǘΥ лϲмпΩ пΦлΩΩ bΣ [ƻƴƎΥ опϲмсΩ рпΦоΩΩ9Σ ¦wh н [ŀǘΥ лϲмпΩ 

оΦуΩΩ bΣ [ƻƴƎΥ опϲмсΩ роΦфΩΩ9Σ URO 3 Lat: 0°16Ω оΦфΩΩ bΣ [ƻƴƎΥ опϲмсΩ роΦуΩΩ9ύ: The site was in the 

unconverted area characterized by dense population of the papyrus (Figure 7 d & e). During 

the set-up of the chambers in the beginning of the study, the site had pools of water with an 

average water level of 39 cm (Figure 7 a, b & c), but by first sampling date site dried out having 

no water above the soil.    
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Figure 7: Characteristic of the URO site at the time of chamber installation (a) URO 1: average water 

level 36cm, Location; 11 m from the edge, (b) URO 2: average water level 40cm, Location; 

13 m from the edge,  (c) URO 3: average water level 30cm, Location; 9 m from the edge, (d) 

& (e) indicate the dense population of papyrus 

Upper reach middle section (URM) (URM 1, [ŀǘΥ лϲмсΩмтΦуΩΩ bΣ [ƻƴƎΥ опϲмсΩрфΦмΩΩ9Σ URM 2 Lat: 

лϲмпΩ сΦнΩΩ bΣ [ƻƴƎΥ опϲмсΩ руΦлΩΩ9Σ URM 3, [ŀǘΥ лϲмпΩ сΦнΩΩ bΣ [ƻƴƎΥ опϲмсΩ руΦлΩΩ9): The site was 

characterized by dense population of the papyrus (unconverted area). Deep pools of water 

having an average water level of 59 cm (Figure 8) described the site during the start of the 

study, however, site dried out with time having no water above the soil by second sampling 

date.   


















































































