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ABSTRACT 

Rice, (Oryza sativa L.) is an important food crop in Kenya and is the third most consumed 

cereal crop after maize (Zea mays) and wheat (Triticum aestivum). The high demand for rice 

has resulted in the conversion of wetlands to rice paddies, ultimately reducing the ability of 

wetlands to store carbon. Farmers have also increased use of fertilizer to improve productivity. 

Consequently, emissions from wetlands of three potent greenhouse gases (GHGs): methane 

(CH4), nitrous oxide (N2O), and carbon dioxide (CO2) have increased. This study assessed the 

influence of fertilizer application on GHGs emission, organic carbon and nutrient stocks in rice 

paddies in papyrus dominated wetlands in the Nzoia River basin in Kenya. Sampling was done 

on a weekly basis for the first two months, and thereafter twice per month in the Anyiko rice 

paddies, which is a smallholder system partly converted from the Anyiko wetland. Two 

replicates of three fertilization treatments (standard, control and under fertilization) were 

assigned randomly in six rice plots. The static chamber method was used to collect the GHGs, 

which were then analyzed using gas chromatography. Soil samples were collected and analyzed 

for nitrogen and organic carbon stocks. Statistical tests revealed no significant differences in 

organic carbon and nitrogen stocks among the three fertilization treatments. The mean CH4 

fluxes did not differ significantly among the three treatments where mean flux for control plots 

were 8.30 ± 4.79 mg m−2 h−1; under-fertilized plots had a mean of 6.93 ± 2.42 mg m−2 h−1 and 

standard fertilized plots mean fluxes were 4.00 ± 6.34 mg m−2 h−1. Similarly, CO2 mean fluxes 

were insignificantly different among the three treatments, where control plots had mean of 

174.80 ± 26.81 mg m−2 h−1, under-fertilized plots mean were 208.81 ± 36.20 mg m−2 h−1 and 

standard fertilized plots mean fluxes were 248.29 ± 41.22 mg m−2 h−1. However, mean N2O 

fluxes were significantly different among the three treatments, control plots had a mean of 

−3.59 ± 2.56 μg m−2 h−1, followed by under-fertilized with mean of −0.59 ± 0.45 μg m−2 h−1 

and standard fertilized plots with mean of 4.37 ± 3.18 μg m−2 h−1. In this study, different 

fertilization scenarios had significant effects on N2O emission but no significant effect on CO2 

and CH4 emission, organic carbon and nutrient stocks. From the findings of the study, fertilizer 

application increases emission of N2O. Therefore, there is need for sustainable use of wetlands 

and fertilizer in rice paddies to minimize greenhouse emissions and wetland degradation. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

Wetlands occupy about 6% of the earth’s surface; covering about 7% of Africa, 10% of North 

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

Asia, 3% of Australia and 5% of Europe (Junk et al., 2012). In Kenya, wetlands cover 

approximately 14,000 km2 (2.5% of the surface area of the country) and fluctuates up to 6% 

during rainy seasons (Crafter et al., 1992, MEMR, 2012). Wetland drainage and land 

reclamation (conversion of wetlands to arable lands) for crop production, papyrus harvesting 

and drainage of wastewater into the wetland have been reported to be the major threats leading 

to wetland degradation in Kenya (Morrison et al., 2011). Mironga (2005) also noted that 

drainage and conversion to arable land have been the key drivers to degradation of wetlands in 

Kenya. 

Rice is one of the essential cereal crops grown globally, in Africa (Balasubramanian et al., 

2007). The role of rice as a current and future global food security is inevitable, since it is one 

of the three most important food crops after wheat and maize (Food and Agriculture 

Organization, 2016). Food and Agriculture Organization 2017 had predicted the global rice 

production to reach 758.9 million tonnes (503.8 million tonnes, milled basis) by 2017. In 

Africa, 2016 season rice output records put the production at 30.8 million tonnes (20.1 million 

tonnes, milled basis) (Food and Agriculture Organization, 2017). In Kenya, rice cultivation 

was introduced in 1907 from Asia (Republic of Kenya, 2008). The annual rice consumption 

rate in Kenya is estimated at 949,000 metric tons whereas the annual production rate is 180,000 

metric tons (International Rice Research Institute, 2018). Rice is either grown in upland areas 

or in lowland areas where then field can either be rain fed or irrigated. About 75% of the global 

rice production comes from irrigated rice systems because most rice varieties express their full 

yield potential when water supply is adequate (Haifa Group, 2019). Kenya’s major irrigation 

schemes include Mwea, Yatta, Ahero, Bunyala and west Kano. These schemes are operated by 

National Irrigation Board (NIB) and produce about 80% of the rice while the remaining 20% 

is produce from the rain fed fields (Republic of Kenya, 2008). The growing population and 

socioeconomic changes have stimulated the need for more agricultural productive land in 

pursuit to improve food security (Junk et al., 2012, Mitchell, 2013). To meet the high demand 
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for rice caused by population pressure, there is increased conversion of natural wetlands to rice 

paddies and increased use of fertilizer to increase yield. 

Rice paddies are important source of GHG emission (Garthorne-Hardy, 2013). The three potent 

and long lived GHGs emitted from the rice fields include; carbon dioxide (CO2), methane 

(CH4) and nitrous oxide (N2O) (Arunrat & Pumijumnong, 2017). The major processes 

responsible for production and emission of these GHGs are oxic respiration (decomposition), 

methanogenesis, nitrification and denitrification (Zhang et al., 2006). In the soils in the rice 

paddies, CH4 is produced through methanogenesis under anoxic conditions (Jain et al., 2004). 

Nitrous oxide production occurs through nitrification and denitrification processes under oxic 

and anoxic conditions respectively whereas, when oxygen is supplied into the soil, organic 

carbon undergoes decomposition leading to CO2 production (Ishii et al., 2011). Rice paddy 

substrate undergoes variability between anoxia and oxic conditions due to the presence of 

rhizospheric zone and that there can never be complete anoxic even when the field is 

waterlogged. 

Hydrological modifications in wetlands to pave way for crop production have implication on 

the greenhouse gas dynamics. Draining of wetlands to convert them to agricultural land 

exposes soil organic matter to oxygen leading to its oxidation and release of CO2 to the 

atmosphere (Moomaw et al., 2018). Consequently, the wetlands’ ability to sequester carbon is 

impaired and this leads to increased GHGs emission to the atmosphere and the ultimate impact 

is climate change (Mitchell, 2013). Wetlands are usually waterlogged and therefore provide 

similar conditions as required in paddy soils for rice growth. Apart from wetland drainage and 

clearing to expand production area, farmers employ other management practices like fertilizer 

application to increase crop yield (Singh & Singh, 2017). There are different fertilizer 

application management practices that influence the emission of GHGs for example: method 

of placement, type of fertilizer, level and form of fertilizer used (Linquist et al., 2012). Fertilizer 

application has been found to affect CH4 and N2O but have less impact on CO2 emissions 

(Linquist et al., 2012). Wang et al. (2017) reported that application of nitrogen fertilizer in rice 

paddies showed variability (increase or decrease) in CH4 emissions but led to increase in N2O 

emission. Generally, N fertilizer application increases the global warming potential (GWP) of 

N2O by 78% (Sun et al., 2016). The nitrogen electron donors and acceptors can be nitrified or 

denitrified to N2O when fertilizer is applied to the soil (Wang et al., 2017). Emissions of CO2 

from rice paddies is however low (less than 1%) since CO2 emissions are largely offset by 

primary productivity and atmospheric fixation by plants (Linquist et al., 2012).  
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The Intergovernmental Panel on Climate Change (IPCC) technical guidelines on climate policy 

agreements requires that GHGs emission from industrial and agricultural sectors be recorded 

and then submitted via national GHG inventories to the United Nations Framework Convention 

on Climate Change (UNFCCC) (Food and Agriculture Organization, 2015). Emission of GHGs 

is growing rapidly leading to increased global warming and thus climate change 

(Intergovernmental Panel on Climate Change, 2007). Global warming is also being affected by 

the residence time a given gas has been in the atmosphere (Solomon et al., 2007). Carbon 

dioxide, CH4 and N2O have been reported to have long residence time in the atmosphere and 

therefore contribute highly to global warming (Arunrat & Pumijumnong, 2017). Climate 

change is associated with natural hazards such as flooding, storms and drought which pose a 

continuous threat to agriculture and living beings (Intergovernmental Panel on Climate 

Change, 1992). Arunrat and Pumijumnong (2017) noted that rice cultivation has raised many 

concerns because rice fields have been reported to emit the three most potent and long-lived 

GHGs; CO2, CH4 and N2O which stimulates climate change.  

Atmospheric concentration of CO2 has increased from a pre-industrial value of 278 parts per 

million (ppm) to 379 ppm in 2005 (Government of Kenya, 2017). The Kenyan government 

through the initiative like National Climate Change Action Plan (NCCAP), National Climate 

Change Response Strategy (NCCRS) and National Adaptation Plan (NAP) is putting efforts to 

combat climate change by investing in low carbon climate resilient technology and industries 

such as water resource management, renewable energy and agroforestry (Government of 

Kenya, 2012). In order to reduce global warming and temperature rising, it is essential to have 

“negative emissions” of GHGs, a necessecity in achieving the goal of the Paris Climate 

Agreeement (Sanderson et al., 2016). Studies on GHGs emissions and trends is thereore 

necessary in order for individual countries to develop GHGs inventory records. 

1.2 Statement of the problem 

Global demand for food due to increased population leads to conversion of natural wetlands 

into rice paddies and increased use of fertilizer in order to increase yield. Increased rice 

production is fundamental in bridging the gap between demand and supply of rice. To meet the 

global and local demand for rice, production rate has to be increased way above the 

consumption rate. In Kenya however, the current rice production rate is below the consumption 

rate. Generally optimal production of rice requires maintenance of high soil moisture that 

consequently favors release of GHGs. This leads to increased conversion of wetlands into rice 
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paddies since wetlands provide such soils. Also, to sustain productivity farmers fertilize the 

field. However, the downside to conversion of wetlands to rice paddies is increased GHGs 

emission since the wetlands’ ability to sequester carbon is reduced. In addition, fertilizer has 

the potential to intensify emission of GHGs by providing more nitrogen substrate for N2O and 

carbon substrates for CO2 and CH4 production respectively. Fertilization also enlarges the rice 

aerenchyma which acts as a pathway and in turn increases GHGs emissions. The consequence 

of increased GHGs emission is climate change which has various negative impacts on human 

lives.  

1.3 Objectives 

1.3.1 General Objective 

To contribute to understanding how intensification of rice production by fertilizer use affects 

GHG emission for sustainable management practices. 

1.3.2 Specific Objectives 

I. To determine the effect of different fertilizer application scenarios on the standing 

stocks of organic carbon and nitrogen in rice paddies. 

II. To determine CO2, CH4 and N2O emissions in rice paddies under standard fertilization 

(basal, first and second topdressings), under-fertilization (first and second topdressings) 

and no fertilization (control) each during the rice growing season.  

1.4 Hypotheses 

I. Different fertilizer application scenarios have no significant effect on the standing 

stocks of organic carbon and nitrogen in rice paddies.   

II. Standard fertilization (basal, first and second topdressings) and under-fertilization (first 

and second topdressings) has no significant effect on CO2, CH4 and N2O emission in 

rice paddies. 

1.5 Justification 

All countries are required by the December 2015 Paris Agreement to make significant 

commitments to address climate change by strengthening their emissions reduction targets by 

2030 (United Nations Framework Concept on Climate Change, 2015). The Paris 2015 

agreement was revised and enforced by the 2019 UN climate action summit. Both agreements 

require its member countries to lower and hold global warming to well below 1.5° C and keep 

it there. Anthropogenic climate change is caused by human activities like deforestation, 

industrialization and agriculture which enhance GHGs emission to the atmosphere thus causing 
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global warming. The world population however is growing, increasing the need for production 

of more rice to meet the growing demand. Consequently, there is enhanced conversion of 

wetlands to rice paddies and increased use of fertilizer to increase rice yield. Conversion of 

wetlands to smallholder rice paddies lowers their ability to sequester carbon and instead results 

to increased GHGs emission. Fertilizer application also leads to enhanced emission of GHGs 

due to increased supply of carbon and nitrogen substrates for soil microbes responsible for 

GHGs production. The contribution of agriculture and more so rice production to GHG may 

be insignificant compared to other sources especially industry in case of CO2. Furthermore, 

Kenya contributes a mere less than 0.1 % of global GHGs. However, Kenya has to show global 

commitment as Climate Change will and continues to adversely impact Kenya’s socio-

economic sectors. This study aimed at understanding how conversion wetlands and 

intensification of rice production by use of fertilizer can affect GHGs emission with the view 

of sustainable management practices. In addition, this study is in line with Sustainable 

Development Goals (SDG) 2 which is to end hunger, achieve food security and improved 

nutrition and promote sustainable agriculture and SDG 13 which is to take urgent action to 

combat climate change and its impacts. Food security is one of the Kenya’s big four agenda 

and one of the targets of the vision 2030. This can be achieved through reduced GHGs emission 

and sustainable agricultural practices. 
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CHAPTER TWO  

LITERATURE REVIEW 

2.1 Rice Production in Kenya 

Rice (Oryza sativa L.) belongs to the genus Oryza and family Gramineae (Poaceae), where 

genus Oryza has about 25 species out of which 23 species are wild whereas only 2 species are 

cultivated (Vaughan, 1994).  According to Vaughan (1994) the two cultivated species are 

Oryza satiza and Oryza glaberrina where Oryza sativa is the most widely grown.  Lowland 

rice grows in water logged (moist) soils where land preparation requires at least two rounds of 

ploughing and levelling of the rice fields (International Rice Research Institute, 2015). It is an 

annual crop whose life cycle approximately ranges between 80- 200 days from germination to 

maturity. Mature rice consists of panicle, roots, and leaves, main stem and tillers as indicated 

in figure 1.  

 

Figure 1: A picture of a rice plant showing various parts 

Source: Department of Biotechnology, Ministry of Science & Technology & Ministry of 

Environment and Forests, Govt. of India (2011) 

Globally, rice cultivation is estimated to cover 150 million hectares (ha), leading to about 500 

million metric tons annual production which represent about 29% of the total output of grain 

crops worldwide with Africa accounting for about 10 to 13% (Nguyen, 2006, Onyango, 2006). 

According to Dunna and Roy (2013), rice is classified as the most important food crop since 
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over 40% of the world’s population consumes rice as the major staple food. However, rice 

production is an important source of GHGs emission (Garthorne-Hardy, 2013).  Onyango 

(2014) and  Balasubramanian et al. (2007) noted that increased population, (4% per annum), 

rising incomes, a shift in consumer preferences in favour of rice 

especially in urban areas and the fact that rice is no longer considered a luxury food but the 

main source of calories for most households has resulted to demand for more rice and increased 

rice import in Africa. Furthermore, increase in rice consumption can also be attributed to 

changing dietary habits which have led to production of more rice in the country in the recent 

years (Africa Rice Center, 2008, Balasubramanian et al., 2007). In Kenya, annual rice 

consumption is estimated at 949,000 metric tons compared to an annual production of 180,000 

metric tons (International Rice Research Institure, 2018). However, despite the low production 

rate, the Kenyan annual rice consumption is increasing at a rate of 12% compared to 4% for 

wheat and 1% for maize which is the main staple food (Republic of Kenya, 2008). The low 

rice production has led to deficit in rice and hence wide gaps between production and 

consumption of rice as illustrated in figure 2. 

The low rice production is attributed to various factors such as nutrient depletion, loss of 

organic matter, drought, pests, diseases (rice blast, leaf blast) and weeds (Bruce, 2010, Evans 

et al.,  2018). The government of Kenya has therefore put in place several remedial measures 

like: improving rice varities, rehabilitation of irrigation schemes, provision of incentives to 

farmers, expansion of irrigation schemes and provision of subsidized fertilizers to farmers to 

narrow the gap between production and import of rice (Evans et al.,  2018). In Kenya, 80% of 

rice production system is through irrigation schemes which require a continous supply of water 

for irrigation and soils with high water holding capacities. During drought however, theses rice 

production systems receive rationed water thus lowering productivity. The urge for high 

productivity has resulted to wetland conversion to rice paddies and increased use of fertilizers. 

2.2 Wetland conversion and greenhouse gases emission 

The Ramsar classification systems for wetlands types provides three broad categories of 

wetlands: marine/coastal, inland and human-made wetlands; and these are subdivided into 42 

types of wetlands (Ramsar Convention, 2007). Human-made wetlands are as important as 

natural wetlands and the largest human-made wetland is a rice paddy field (130,000,000 

hactares) taking about 18% of the total global wetland which is approximately 570 million 

hactares (Yoon, 2009). Other human made wetland types include: fish and shrimp ponds, farm 

ponds, irrigated agricultural land including rice paddies, salt pans, dams, reservoirs, gravel pits, 
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wastewater treatment ponds and canals (Ramsar Convention Secretariat, 2016). Rice paddies 

just like natural wetlands plays important roles like flood control, reduction of soil erosion, 

groundwater recharge and nutrient removal (Yoon, 2009). However, human activities within 

the wetlands (eg drainage, agriculture, forestry, peat extraction, aquaculture) have significant 

effect on carbon and nitrogen balance and thus GHGs emissions and removals from these lands 

(Intergovernmental Panel on Climate Change, 2014). 

 

Figure 2: Gaps between domestic rice production (paddy) and consumption in Kenya.  Source: 

Evans et al. (2018) 

Wetlands have many functions and services like; water supply, fisheries, agriculture, timber 

production, biodiversity conservation, nutrient sink (carbon sequestration), source of raw 

materials for basketry, wildlife habitat, tourism attraction and cultural activities (Okech, 2016). 

However, despite the diverse benefits of wetlands, the growing world population has led to 

wetlands degradation and loss due to unsustainable activities like overexploitation of wetlands 

natural resources, converting wetlands to agricultural and grazing lands and use as waste 

disposal sites (Okech, 2016). Globally, wetlands losses due to conversion to arable cropping 

have been the key drivers to degradation of wetlands and increased emission of greenhouse 

gases (Tangen et al., 2015). Studies in North America have indicated that least disturbed 

wetland catchments along native grasslands have relatively high carbon compared to 

agricultural settings (Tangen et al., 2015). Land use change has resulted in wetland destruction 

and the largest effect is on the carbon fluxes. The high rate of land use change is occurring in 

the tropics where wetlands are being converted to agricultural lands so as to increase crop 
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production particularly rice to ensure food security (Safary, 2016). This has resulted to 

degradation of important wetland functions like carbon sequestration thus increasing amounts 

of GHGs emission (Mitchell, 2013).  

The processes responsible for emission of three potent GHGs include aerobic decomposition 

of organic matter in wetland soils (decomposition), methanogenesis and denitrification (Zhang  

et al., 2006). These processes are carried out by microbes and therefore are sensitive to 

substrate characteristics in this case nitrogen and carbon stock. Microbes utilize the substrates 

for energetic gains and consequently produce GHGs. Wetlands can either be source or sink of 

GHGs, depending on weather conditions, time and dominant biological processes especially 

for CO2 (respiration and photosynthesis). Due to their ability of carbon sequestration 

(accumulation of carbon as organic matter in soil and as plant biomass), wetlands have been 

found to act as CO2 sink (Johnson et al., 2007). However, wetlands are a source of CH4, when 

carbon is lost through methanogenesis process in anoxic soil conditions (Whiting & Chanton, 

2001). When the wetlands are drained, they act as source of CO2 where organic matter is 

oxidized due to presence of oxygen (Zhu et al., 2010). Veber et al. (2017) also reported that 

drainage of wetlands increases decomposition rates because of increased oxygen supply into 

the soils, thus resulting to increased CO2 emissions and reduced CH4 emissions due to oxidation 

of organic matter. Natural wetlands converted to rice paddies enhance emissions of N2O due 

to use of N fertilizer during planting and top-dressing (Mitchell, 2013).  

Since wetlands act as both sink for CO2 and source for CH4, it is difficult to determine the 

contribution of wetlands to greenhouse effect. A study that was done on carbon balance of 

wetlands by incorporating the aspect of time reported that over short time horizon (20 years), 

wetlands function as a net source of GHGs (Intergovernmental Panel on Climate Change, 

1996). This is because CH4 has a 21.8-fold greater infrared absorptivity relative to that of CO2, 

indicating that CH4 emission contributes to the overall greenhouse effect (Whiting & Chanton, 

2001). However, over a long-time horizon (100-500 years) as suggested by IPCC, the global 

warming potential (GWP) of methane decreases to about 7.6, whereby in this circumstance 

wetlands acts as sink and hence attenuates the greenhouse effect (Intergovernmental Panel on 

Climate Change, 1996).  
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2.3 Global trends of Greenhouse gases 

Concentrations of GHGs in the atmosphere have been rising steadily since the industrial 

revolution (Olivier et al., 2017). Sources of GHG emissions are broadly categorized into 

natural which accounts for approximately 44.54% whereas anthropogenic accounts for 55.46% 

of the global annual GHG emissions (Xi-Liu & Qing-Xian, 2018). Wetlands being one of the 

natural sources accounts for 17.2% after forest fires, oceans and permafrost at 37.8%, 21.05% 

and 20.64% of GHGs respectively. Natural resources emit 30-40% of global methane (150-237 

Tg CH4 yr-1) and 44-54% of N2O (9.6-10.8 Tg N2O yr-1); of which tropical wetlands contribute 

22-27% of N2O and 24% of CH4 (Garthorne-Hardy, 2013). Greenhouse gas emissions lead to 

climate change and this has been evidenced in the recent years through: rise in mean global 

temperature, decreasing snow and ice in the northern hemisphere, ocean warming, extreme 

weather conditions, hence CO2 concentration in the atmosphere has increased by 40% since 

the pre-industrial era (Cubasch et al., 2013). An additional warming of 1.1 to 6.4° Celsius (C) 

is anticipated by future climate change projections (National Research Council, 2010). To 

attain SDS 13 (take urgent action to combat climate change), the 2015 Paris agreement on 

climate change and UN climate action summit require member countries to reduce global 

warming to 1.5° C to combat climate change. 

There are various subcategories of GHGs sources globally. Greenhouse gas emission from 

different sources: agricultural practices (rice production, cattle stock, animal manure, synthetic 

fertilizer); energy combustion (coal, oil, natural gases); landfills, wastewater, use of hydro-

fluorocarbons have been recorded over the years (Olivier & Peters, 2018). However, GHG 

emissions from land use, land use change and forestry (LULUCF) are rarely documented since 

they show large temporal variations (Olivier et al., 2017). Carbon dioxide emissions contribute 

the largest percentage of GHG to the atmosphere (about 73 %) whereas CH4, N2O and 

fluorinated gases (F gases) contribute 18 %, 6 %, and 3 % respectively (Olivier et al., 2017). 

The major source of CO2 is combustion of fossil fuels however, by 2010, CO2 emissions 

including land use change comprised over 75 % (38 ± 3.8Gt CO2 eq/yr) of 100-year GWP 

weighted anthropogenic GHG emissions (Blanco et al., 2014). Rice cultivation on flooded rice 

fields is the second largest anthropogenic source of CH4 (10 %) after cattle stock (Olivier & 

Peters, 2018). The same study noted that agricultural activities are the main source of N2O 

where synthetic fertilizer (nitrogen content) account for 18 % of N2O emissions after cattle 

stock (21 %). In the year 2017, the total GHG emission (land use change excluded) was at rate 

of 1.3% (± 1%) per year, and the total emissions reached a record of 50.9 gigatonnes of CO2 
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equivalent (United Nations Environment Program, 2018). The top four emitters of GHG 

include: China (about 27 %), United States of America (13 %), European Union (9 %) and 

India (7.1%) of the global GHG emissions as shown in figure 3 (United Nations Environment 

Program, 2018). 

 

Figure 3: Global greenhouse gas emissions, per type of gas and top greenhouse gas emitters. 

(This excludes land-use change emissions due to lack of reliable data.) 

Source: Crippa et al. (2018) and Le Quéré  et al. (2018)  

2.4 Emission of Greenhouse gases from rice paddies  

Rice paddies are in most cases waterlogged; a similar condition experienced in natural 

wetlands. In rice paddies just like in natural wetlands, methanogenesis is responsible for 

production of CH4 under anoxic conditions (Jain et al., 2004). Denitrification also occurs under 

anoxic conditions leading to emission of N2O whereas CO2 is produced through respiration 

process under oxic conditions and released to the atmosphere (Ishii et al., 2011). Rice 

cultivation is ranked the third with respect to CH4 emission (112 Tg CH4 yr-1) after ruminants 

(189 Tg CH4 yr-1) and natural wetlands (145 Tg CH4 yr-1) (Garthorne-Hardy, 2013). Land use 

change impacts on the net GHG emission, for example drainage of natural wetlands for 

agriculture result to increased N2O and CO2 emissions and decreased CH4 emission (Smith & 

Conen, 2004). Arable lands converted to wetlands may require application of fertilizers to 

sustain productivity, particularly nitrogen input and this enhances the potential of the land to 

emit N2O which is a powerful GHG (Tangen et al., 2015). Rice paddies however emit more 

GHGs, especially CH4 due to flooded conditions compared to other crop lands like maize and 

wheat (Rosenstock et al., 2016). 
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The greenhouse gases have different global warming potential (GWP) irrespective of their 

concentration in the atmosphere. The GWP of a greenhouse gas is an index computed to 

measure its radiative force following an emission of a unit mass of the specific gas, 

accumulated over a specific time period using CO2 as a reference (Boateng et al., 2017). Carbon 

dioxide has a GWP of 1 compared to that of CH4 and N2O which are 25 and 298 respectively 

(Solomon et al., 2007). Therefore, GWP represents the combined effect of the differing times 

these substances remain in the atmosphere and their effectiveness in causing radiative force. 

Despite having lower GWP, CO2 is present in higher concentration in the atmosphere at about 

400 parts per million (ppm) compared to CH4 and N2O at concentrations of around 2 and 0.3 

ppm respectively (Ventura, 2014). Consequently, CO2 contributes about 50% of the GHGs 

effect because of its high concentration in the atmosphere followed by CH4 and N2O 

contributing about 19% and 7 % respectively (Collier et al., 2014).  

2.4.1 Nitrous oxide emissions in rice paddies 

Atmosphere-biosphere N2O fluxes is a by-product of two microbial processes, nitrification and 

denitrification. Nitrous oxide is released into the atmosphere through denitrification process. 

This process is carried out by anoxic facultative bacteria like the pseudomonas, in anoxic 

conditions (Hernandez & Mitsch, 2007). The absence of oxygen as an electron acceptor makes 

the microbes to use the available alternative acceptors. When denitrifying bacteria uses nitrate 

as a terminal electron acceptor, one of the resulting products is N2O (Bateman & Baggs, 2005). 

Agricultural activities such as use of green and/or livestock manure, inorganic fertilizers and 

livestock grazing are some of the sources of N2O and contribute to nitrogen cycling in paddy 

rice farms (Intergovernmental Panel on Climate Change, 2007). The main factors that influence 

emissions of N2O include soil properties; nitrogen availability (in the form of ammonium and 

nitrate), availability of organic carbon, oxygen supply and pH (Bateman & Baggs, 2005). Its 

emission is driven mainly by application rates of N fertilizers, type of fertilizer used, 

temperature and organic carbon supply (Arunrat & Pumijumnong , 2017). Nitrogen fertilizer 

application increases N2O emission since N fertilizer acts as a substrate for the nitrifying and 

the denitrifying bacteria (Akiyama et al., 2006). 

Nitrification and Denitrification 

Nitrification involves oxidation of ammonium (most reduced state) to nitrate, (most oxidized 

state) (Kurgat et al., 2017). It occurs in oxic zones and the magnitude is controlled by oxygen 

diffusion rates, the thickness of rhizospheric zones, ammonium-N concentration and levels of 

inorganic carbon (Reddy, 1982). This process occurs in two stages each mediated by bacteria. 
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First stage is oxidation of ammonium to nitrite mediated by the Nitrosomonas and Nitrospira 

species and the second stage is oxidation of nitrite to nitrate mediated by the Nitrobacter 

species (Ishii et al., 2011).  

Denitrification is a microbial respiratory process where NO3- and NO2- are reduced to gaseous 

forms (NO2, N2O and N2) under anoxic conditions (Figure 4). Since O2 is lacking, the nitrogen 

oxides are used as alternative electron acceptors leading to their reduction (Ishii et al., 2011). 

The nitrate formed in oxic layer is then supplied to anoxic zone where N is removed by 

denitrification by bacteria like Pseudomonas, Achromobacter, and Micrococcus (Bateman & 

Baggs, 2005). In rice fields, nitrification occurs when soils are drained thus reducing the levels 

of N2O emission; whereas in flooded conditions, the accumulated NO3- is denitrified to N2O 

(Reddy, 1982).  

 

Figure 4: A schematic diagram of N transformations in a submerged soil  
 Source: Buresh et al. (2008) 

2.4.2 Carbon dioxide emissions in rice paddies  

Carbon dioxide has higher concentrations in the atmosphere compared to N2O and CH4 

(Ventura, 2014). However, CO2 has lower global warming potential of 1, (reference point) 

compared to N2O and CH4 which has 298 and 25 times more than that of CO2 respectively 

(Solomon et al., 2007). It’s emission to the atmosphere in rice paddies occur through 

respiration, burning of rice straws and microbial decomposition under oxic conditions as 

indicated in figure 5 (Whiting & Chanton, 2001). It is however removed from the atmosphere 
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through the process of photosynthesis by plants which acts as a sink of CO2 thus reducing its 

concentration in the atmosphere (Whiting & Chanton, 2001). In rice paddies, CO2 emission 

occurs under oxic conditions like soil-water interface, in the rhizospere and when the farm is 

drained (Figure 5) (Boateng et al., 2017). It would be expected that N fertilizer would increase 

CO2 emissions by providing more carbon substrate for decomposers either directly or indirectly 

through stimulating productivity. However, studies have shown variable results on CO2 

emissions for example, increased CO2 emissions with use of N fertilizer from rice paddy farms 

was observed in studies done by (Iqbal et al., 2009; Xiao et al., 2005). Nevertheless, in a study 

done by Burton et al. (2004), there was decrease in CO2 emission with use of N fertilizer. A 

study done by Cheng-Fang et al. (2012) on the other hand showed no significance effect of N 

fertilizer application on cumulative CO2 emissions. These emissions are essential in calculating 

the CO2 fluxes and hence estimation of potential effect of greenhouse gas emissions from rice 

paddies (Caro et al., 2014). 

 
Figure 5: Carbon transformation in the soil-water-plant environment of wetlands 
 Source: Reddy et al. (2000) 

POC= Particulate organic carbon; DOC= Dissolved organic carbon; a= accumulation; b= 

burial; ee= extracellular enzyme hydrolysis; f= fragmentation; h= humification; l= leaching; 

mo= methane oxidation; p= photosynthesis; r= respiration; t= transport 
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2.4.3 Methane emissions in rice paddies 

Methane production is a microbial process strictly limited to anoxic conditions, and therefore 

its emission occurs in flooded paddy rice fields due to anoxic conditions (Ma et al., 2009). Rice 

fields emit approximately 20% of CH4 to the atmosphere (Khalil et al., 1998). Methane 

accounts for 20–30% of the global warming effect and is second to CO2 as the most significant 

GHG. The three principal processes that control CH4 emission include, production, transport 

and oxidation of CH4 in the rice soil-plant system (Conrad, 2002). Methane production from 

flooded rice paddies is carried out by methanogens (CH4 producing bacteria) in soil and it is 

transported through aerenchyma of the rice plant to the atmosphere (Figure 6) (Jain et al., 

2004). This is because in anoxic conditions, alternative electron acceptors such as nitrates, 

metals oxides like ferric iron and sulphates are usually used (Frenzel et al., 1999). If anoxic 

conditions persist, the alternatives are all mineralized and therefore microbes start using carbon 

sources through anoxic respiration resulting to CH4 production as a by-product (equations 1 

and 2). However, when oxygen is supplied from plant root exudates, atmosphere, or at soil-

water interface, available CH4 is oxidized by methanotrophic bacteria thus lowering its 

emission to the atmosphere (Intergovernmental Panel on Climate Change, 1996).  

CH#	O + CH#	O ↔ CH( 	+ CO#                                                                           (1) 

C)H*#O) 	↔ 3CO# 	+	3CH( 	+ 	Energy                                        (2) 

 

Figure 6: Schematic diagram of methane production, consumption and transfer pathways into 

atmosphere Source: Le Mer and Roger (2001) 
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2.5 Smallholder rice production and greenhouse gases emission 

Rice is a source of livelihood to some smallholder farmers where rice can be grown either as 

cash or food crop all over the world (Food and Agriculture Organization, 2012). In developing 

countries, the smallholder farmers make about 80% of the farming community and they hold 

less than 10 hectares of land each (Food and Agriculture Organization, 2012). In Kenya, 

smallholder farming dominates the rice production landscape and accounts for 75% of total 

agricultural output (Ogada et al., 2014). However, most of them have low to medium 

production efficiency (Magreta et al., 2013). Some smallholder farmers also lack enough 

capital to invest on rice production and they also have small pieces of land which are not 

enough for maximum production output. 

In Sub-Saharan Africa, there are very few studies that have been done to measure the amount 

of GHGs emitted from smallholder rice farms and therefore, there is limited data on the impact 

of smallholder farming on GHGs emission and on climate change (Rosenstock et al., 2013). In 

Kenya, irrigated areas cover approximately 13,000 ha and include irrigation schemes in 

Nyanza; West Kano and Ahero (at 3,520 ha), Western; Bunyala scheme (at 516 ha) and Mwea 

irrigation scheme (at 9,000 ha) where production is done by smallholder farmers and managed 

by national irrigation board (NIB) (Indeche & Ondieki-Mwaura, 2015). With the growing 

population and increased rice consumption, area of rice cultivation is expected to grow and this 

will increase the amount of GHGs emitted from these rice farms. This is due to foreseen 

conversion of more natural wetlands to smallholder arable farms for crop production like rice 

and yams (Safary, 2016) and increased use of fertilizer to increase yields (Chirinda et al., 2018).  

2.6 Fertilizer management practices and greenhouse gases emission in rice paddies 

Nitrogen fertilizer is usually applied to rice farms to increase yields; however, this may have 

effect on the amount of GHGs emitted from the rice farms (Chirinda et al., 2018). Different 

fertilizer management practices like rates, type, source, placement and enhanced efficiency 

affects the amount of GHGs emitted (Chirinda et al., 2018). In a meta-analysis done by Linquist 

et al. (2012) for example, use of ammonium sulphate instead of urea led to 24% increased 

emission of N2O and 40% decrease in CH4 emission and this is because they have different 

denitrification rates. Nitrate based fertilizer is however not recommended in rice fields because 

it undergoes denitrification thus enhancing emission of N2O, and leads to poor rice growth due 

to nitrogen limitation (Wang et al., 1992). 
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Application of N fertilizer supplies more nitrogen substrate for decomposers which they attach 

on and degrade and the result is enhanced emission of GHGs especially N2O (Chirinda et al., 

2018). In some cases, N fertilizer application increases the amount of CH4 emitted (Cheng-

Fang et al., 2012). This is because N fertilizer increases plant biomass and hence provide 

carbon substrate for methanogens (Dunfield & Knowles, 1995). Fertilizer application also 

increases NH4+ in the soil and as a result, the mono-oxygenases uses NH4+ provided instead of 

CH4; since NH4+ is similar in size and structure with CH4; therefore, the reduced consumption 

of CH4 increases its emission to the atmosphere (Zhang et al., 2014). Fertilization also escalates 

growth of rice crops and thus enlarges aerenchyma, which is a pathway for gas exchange 

between plant parts by reducing resistance thus facilitates GHGs emission (Tang et al., 2018). 

However, there are few studies on the effect of fertilizer placement methods on emission of 

GHGs (Linquist et al., 2012). 

Rice response to applied fertilizer varies depending on soil status and environmental conditions 

just like other crops. Also, different rates of fertilizer application for various crops, impact 

differently on the GHGs emissions. According to Linquist et al. (2012) rice farmers should use 

the recommended fertilizer application rates since it has minimum or even no significant effect 

on CH4 and N2O emissions. However, fertilizer application practices in smallholder farmers 

varies and this can be attributed to lack of enough capital, long distances between farmers and 

fertilizer retailers, different environmental factors and soil conditions (Carmen, 1968). 

Therefore, different studies have reported different fertilizer application rates for rice 

production. For example, in Mwea 25 kg NPK Ha-1 has been recommended as standard basal 

fertilization (Njinju, et al., 2018). However, other application rates have also been reported for 

Mwea: 46 kg Ha-1 and 75 kg Ha-1 (Njinju et al., 2018). Ministry of agriculture in Kenya 

however recommend 100 Kg/Ha for Di-Ammonium Phosphate (DAP), NPK and Calcium 

Ammonium Nitrate (CAN) and 180 Kg/Ha for ammonium sulphate (SA) (Oseko & Dienya, 

2015). It is however important to note that the amount of fertilizer applied depends on fertility 

conditions of the soil, type of crop and site characteristics. Therefore, soil test should be done 

to determine the recommended fertilizer application rates and this was adopted in this study.  

2.7 Relationship between organic carbon, nitrogen and greenhouse gases 

Greenhouse gases (CO2, N2O and CH4) emission in paddy rice farms depends on soil microbial 

activities; like methanogenesis, methane oxidation, nitrification, denitrification, respiration and 

photosynthesis (Wang et al., 2017). Presence of soil organic carbon and nitrogen stocks act as 

electron acceptors and donors and as a result regulates GHGs consumption and production and 
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hence emission levels (Wang et al., 2017). Nitrate for example acts as electron acceptors under 

anoxic conditions leading to denitrification and release of N2O (Reddy, 1982). Therefore, 

amplified N supply through increased fertilizer applications increases N2O emissions. Fertilizer 

application increases SOC which is a substrate for microbes, where under oxic conditions leads 

to CO2 emission and CH4 emission under anoxic conditions (Le Mer & Roger, 2001).  

Carbon and nitrogen (C/N) stock ratios affect the microbial activities in the soil and as a result 

affect the GHG fluxes. Soil microorganisms may adjust their stoichiometry with that of the 

substrate and release or immobilize N depending on the C/N ratio on substrate (Ding et al., 

2013). Addition of N as fertilizer for example causes higher N content in plant tissue, leaves 

and the litter fall, which in turn accelerates the assimilation and dissimilation processes of CO2 

and also intensifies the substrate for N2O emission from soil (Allison et al., 2010). Nitrous 

oxide negatively correlates with the C/N ratio (Pilegaard et al., 2006); whereas emissions of 

CH4 and CO2 positively correlate with the C/N ratio (Shi et al., 2014). The decomposition 

processes which lead to emission of GHGs also depend on the stoichiometry of litter; C/N ratio. 

Adjustment of C/N/P ratios through activities like fertilizer application may affect the carbon 

sequestration (Allison et al., 2010) and thus ultimately affects GHGs emissions.  

2.8 Measurements of greenhouse gases 

There are a number of approaches which can be used for measurement of land/atmosphere 

fluxes of GHGs: chambers, mass balance, Lagrangian stochastic (bLs) dispersion techniques, 

eddy covariance, eddy accumulation and flux gradient methods (Denmead, 2008).  Chamber 

based (automated or manual) and micrometeorological approaches are the most widely used 

techniques for measuring GHG fluxes (Butterbach-Bahl et al., 2016). Chamber systems can 

either be closed or open chambers and closed chambers are further subdivided into closed static 

and closed dynamic ones (Kutzbach et al., 2007). Closed static chambers permits fluxes to be 

measured over longer times and replicates at several measurement points without the need for 

additional sensors (Yim et al., 2002). On the other hand, in closed dynamic chambers systems, 

gases accumulating in the chamber are analysed either externally and pumped back into the 

chamber (Rochette et al., 1997) or are being analysed inside the chamber with a compact NDIR 

sensor that continuously monitors the atmospheric CO2 concentrations (Oertel et al., 2015). 

Open dynamic chamber has two openings where gas concentrations are analysed at air inlet 

and outlet of the chamber and the differences of the concentrations at both ends gives the gas 

flux (Oertel  et al., 2016). Each of these methods has its niche and static chamber based method 

is suitable for small plots and very small gas fluxes (Denmead, 2008). 
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Static chamber-based method is commonly used due to relatively low costs, simple operation 

and portability (Butterbach-Bahl et al., 2011). Additionally, gas samples collected using static 

chamber method can be stored for future analysis, it does not require power at the site and it 

allows for experiments with treatments (Rosenstock et al., 2016). However, chamber based 

method is prone to disturbance and this amy influence the flux measured (Collier et al., 2014). 

Furthermore, chamber based measurements are likely to miss peak events such as rainfall, since 

the experimentalists are not always at the site and they can only be closed for limited period of 

the day (Hensen et al.,  2013). The basic principle of static chamber method is that the emitted 

gases are trapped within within the chamber headspace and collected at regular intervals ; then 

analysed using gas chromatography, where the fluxes are calculated using the change in 

concentration over time (Collier et al., 2014). 

The major method used for analysing gas samples are gas chromatography (GC) and 

photoacoustic spectroscopy (PAS) method (Butterbach-Bahl et al., 2016). The principle of 

PAS is that when a modulated light is projected with a constant cycle onto an absorbing 

medium, an acoustic signal with the same cycle is produced in the gas layer adhered to the 

material (McClelland et al., 1996). That is PAS converts the absorption of light into acoustic 

signal which is then measured by a microphone (Leytem et al., 2011). The GC method analyzes 

samples on qualitatively and quantitatively; where the samples are injected into a flow of a gas 

(carrier gas), then the components of the sampe are separated on molecular basis in the 

separation column and finally the components are detected by detectors (Kim, 1999). The most 

commonly used detectors in GC are Electron Capture Detector (ECD) for detecting N2O, Flame 

Ionization Detector (FID) for detecting CH4 and CO2  and Thermal Conductivity Detector 

(TCD) for high concentrations of CO2 (Wang et al., 2010). This is because even though both 

detectors can reach low concentrations of the gas, FID is more sensitive than TCD  (Budiman 

et al., 2015). Electron Capture detector operates at 350° C with highest sensitivity to N2O and 

lowest cross sensitivity to CO2 (Wang et al., 2010). Flame Ionization Detector operates at 250° 

C and to detect CO2, it has to be fitted with a mechaizer which converts CO2 to CH4. The most 

common carrier gas used includes; helium, hydrogen and nitrogen andusually a purity of 

99.9999% is recommended. 
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CHAPTER THREE  

MATERIALS AND METHODS 

3.1 Study area 

The study was carried in Anyiko irrigation rice scheme which is a smallholder system 

converted from Anyiko wetland located in North East Ugenya, Siaya County, Kenya (Figure 

7). The irrigation scheme was established in 1977 by the Ministry of Agriculture and lies 

between longitudes 0°16’, 38°56’’E, 0°14’, 18°66’’E and latitudes 34°16’, 35°55’’N, 34°18’, 

0°57’’N in Nzoia River Basin. Currently the scheme is managed by farmers. On inception, the 

scheme only used water diverted from the adjacent Anyiko wetland via a canal for irrigation 

however, over the years, the farmers have converted parts of the wetland to rice paddies and a 

number of canals dug out for irrigation. The area covered by the scheme currently is 48.56 

hectares approximately 100 farmers, each owning a paddy rice field of approximately hectares. 

However, the area of the scheme expanded as a result of conversion of the wetland is unknown.  

Growing season of rice in the scheme runs from April to December annually in order to capture 

long rains seasons.  

Rice growers in Anyiko rice paddy practises less intensive farming whereby only farmers who 

can afford fertilizers do apply it in their farms. For example, of the 27 farmers interviewed 

during preliminary visit, 59% apply fertilizer in their rice fields while 41% do not. In Anyiko 

scheme, most farmers practice first and second top-dressing without basal fertilization. 

However, the Ministry of Agriculture in Kenya recommend three splits of fertilizer 

applications; basal (with DAP or NPK), first and second topdressing with urea or ammonium 

sulphate (Oseko & Dienya, 2015). In this study, standard experimental fertilizer application 

entailed all the three splits: (basal, first and second top dressings), under fertilization (first and 

second top dressings only) and control (no fertilization. The standard fertilization rate was 

determined by first testing nitrogen and phosphorus content in the soil (Okalebo et al., 2002).  

3.2 Study design and sample collection 

The study was carried out from September 2018 to January 2019, during rice growing season 

in Anyiko irrigation scheme. Six plots belonging to a farmer and running parallel to each other 

were selected then land preparation and weeding was done by the farmer. Planting and top 

dressing was done by the farmer the researcher and field assistance. The experiment was 

randomized complete block design (RCBD) with two replicates of three treatments as 

illustrated in Figure 8. The study settled on two replicates due to limit of funds to carry out 
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study with three or more replicates. The three treatments included different fertilization 

scenarios: standard fertilization (basal, first and second top dressings), under fertilization (first 

and second top dressings only) and control (no fertilization) at 120 kg per hectare for each. 

Nitrogen Phosphorus Potassium (NPK) 23:23:0 was used for basal fertilization whereas 

calcium ammonium nitrate (CAN) was used for first and second top dressings. Basal 

application was done immediately after transplanting, first top dressing was done 21 days after 

transplanting (DAT) and second top dressing was done 45 DAT. The fertilizer was applied 

using broadcasting method since it is the most commonly used method by the farmers. The 

study involved six plots, each having three gas chambers (Figure 8). 

 

Figure 7: Map of Kenya showing Anyiko rice fields (Source: Modified from Topographical 

map of Kenya, scale 1:50,000) 



22 
 

 

Figure 8: Diagram showing the randomized sampling plots. P1-P6 represent plots 1 to 6, U-

under-fertilization, C-control, S-standard fertilization (Source: Author)  

3.3 Chambers fabrication and installation 

Static chamber method was used for greenhouse gas collection. The chambers were fabricated 

from locally available materials. The fabrication entailed covering the plastic buckets lid using 

duct tape, and three ports drilled for sampling, thermometer, and vent insertion as indicated in 

Plate 1A (Ajwang et al., 2020). The chambers consisted of a base (anchor) obtained by cutting 

Polyvinyl chloride (PVC) buckets at around 15 cm from the top and then inserted 10 cm into 

the soil leaving about 5 cm of the bases protruding above the soil surface (Collier et al., 2014) 

and a lid that was placed on top of the anchor during gas sampling (headspace).  The chambers 

were fabricated from twenty-four 30-litre plastic buckets from which eighteen were used for 

bases and six as lids. The PVC buckets were used because they are inert to the gases being 

sampled (Collier et al., 2014). The chamber bases were installed at least one week before gas 

sampling to prevent collection of GHGs emitted due to disturbances during installation. Three 

bases were installed in each plot of about a quarter of an acre and they remained in the field for 

the entire sampling period (Plate 1B) to avoid disturbance during subsequent samplings. Lids 

were put in place during sample collection only to help avoid heat build-up and collection of 

previously accumulated gases. 

During sampling, the base and lid were clamped together using metallic clips to ensure they 

were airtight. Sampling started immediately after fixing the lids. The lids were covered with 
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an insulating material (aluminium duct tape) to prevent heat build-up in the chambers during 

experiment which would otherwise interfere with the gas fluxes (Parkin & Venterea, 2010). 

The lids included a 50 cm long vent tube (2.5 mm diameter) to stabilize the pressure of the 

chambers during sampling, a thermometer to measure chamber internal temperature and a 

septum (sampling port) to allow sample collection (Plate 1A) (Rosenstock et al., 2016). The 

chambers covered at least 4 rice plants in a transplanted system with spacing of 4 by 6 inches 

(Butterbach-Bahl et al., 2016). 

3.4 Gas sampling and analysis  

Greenhouse gases, CO2, CH4 and N2O fluxes were measured using vented static chamber 

method (Parkin & Venterea, 2010). In every sampling session, chambers were closed for 30 

minutes and samples were taken after every 10 minutes where the first vial filled at time 0 was 

T0 vial. This procedure was repeated after 10 minutes, 20 minutes and after 30 minutes to fill 

T1, T2 and T3 vials respectively, giving a total of 4 samples per plot (Plate 1C). Gas pooling 

technique from the three chambers was applied to address spatial heterogeneity (Arias-Navarro 

et al., 2013). Sampling was done between 10 am and 12 noon since studies have shown that 

this gives average daily emissions and accurate seasonal emission estimates (Butterbach-Bahl 

et al., 2016).  

Gas sample was collected using a 60 ml propylene syringe fitted with luer lock. Flushing 

technique was used, where the first 30 – 40 ml was used to flush the 10 ml vials, and the 

remaining 20 ml to fill the vial resulting to the vial being slightly over pressurized to minimize 

chances of leakage and contamination with ambient air (Arias-Navarro et al., 2013). After the 

first sampling at time T0, gas was mixed manually in the chamber by pumping several times 

with a syringe to ensure homogeneity of the sample before next sample collection. The samples 

were wrapped with parafilm over the crimp seal and transported to the International Livestock 

Research Institute (ILRI) laboratory, in Nairobi for analysis within 12 hours after collection. 

During each sampling session ambient air sample was collected using the same procedure as 

in the chambers in order to assess ambient GHGs concentration during sampling. In addition, 

air temperature was measured using digital thermometer to monitor environmental changes 

that could impact on GHG emission. Atmospheric pressure and chamber volume were also 

measured at the site for calculating gas fluxes. 
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Plate 1: Few steps in closed chamber gas sampling method  

(Source: Author).  

(A) Pictorial representation of a fabricated gas chamber in the field, (B) The three chambers 

installed in a plot (C) Pre-labelled 10 ml glass vial with crimp seal fitted with two syringes, 

one for evacuation and one for refilling the vial.  

Gas concentration was analysed using the SRI GHG gas chromatograph (model 8610C; SRI) 

with a methanizer in combination with a flame ionization detector (FID) for CH4 and CO2, and 

a 63Ni electron capture detector (ECD) for N2O (Plate 2). The gas sample was injected through 

A 

    

B      C 
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injection port and passed through liquid stationary phase. Here, the components were separated 

due to differences in their partitioning behaviour and then detected by a detector and recorded 

in a computer as peaks (Wang, 2010). The gas flux was then calculated using the equation 

below: (Butterbach-Bahl et al., 2011).  

Flux67689:9;<=;>?	@	AB	×	D EFGH	×	I
FJK
LJK

M	×	D <NO.>Q
<NO.>QRSH	×T	×	UV

                                                              (3) 

Where: Ct = slope derived from the linear regression (ppmmin-1) for CH4 and CO2 and 

(ppmmin-1) for N2O-N, M = molar weight (gmol-1) (C = 12 for CH4 and CO2, and N=28 for 

N2O), Vm = molar gas volume (m1mol-1), (22.41), Vch = Volume of gas chamber, Ach = Area 

of gas chamber, t = Chamber temperature (°C), P = Pressure at the time of sampling (atm), 60 

= conversion factor of minutes to hour. 

 

 

 

 

 

 

 

 

 

Plate 2: A pictorial representation of Gas Chromatograph at Mazingira center, ILRI  

(Source: Author) 

(a) A computer for recording peaks, (b) automated injector, (c) gas sample tray, (d) separation 

columns, (e) the detection units (FID and ECD)  

3.5 Soil sampling and analyses for ammonium, nitrate, total nitrogen and organic carbon  

Soil samples were collected using random composite sampling technique at each sampling site 

using soil auger in a zigzag pattern to a depth of 15 cm. The samples were then transferred into 

polythene bags and placed in a cool box containing ice packs and transported to the Egerton 
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University Soil Science laboratory for analysis of NO3-N, NH4-N, OC and TN. Soil samples 

were collected on every sampling campaign for NO3-N and NH4-N analysis whereas for OC 

and TN analysis, sampling was carried out twice per month. At the same time, soil temperature 

was measured using digital thermometer at depths 11 to 20 cm to get a representative sample 

with minimal environmental impacts by factors like temperature and decomposition of organic 

matter in top soil.  Soil moisture was determined by oven drying 250g of soil. Samples from 

each treatment plots were oven dried for 48 hours at 105°C to constant weight. The dried soil 

was reweighed and soil moisture calculated as described by Okalebo et al. (2002).  

Soil	moisture	content	% = (abc:=B	de	B=b	9dcfBghb
abc:=B	de	B=b	ihj	fdck

) 	× 100                                                    (4) 

Standard procedures described by Okalebo et al. 2002 were followed to determine soil NO3-

N, NH4-N, OC and TN. Nitrate-nitrogen and ammonium-nitrogen were determined using 

colorimetric method (Plate 3), where 10 g of fresh soil samples were extracted with 100 ml of 

0.5 M K2SO4 (Okalebo et al., 2002). The samples were filtered through Whatman 1.2 µm GFC 

filter paper and the supernatant analysed for NO3-N and NH4-N. The concentration of 

ammonium-nitrogen and nitrate nitrogen in the soil was calculated as follows (Okalebo et al., 

2002):  

NH(p(µg	kgs*)/NOu		s (µg	kgs*) =
(vsw)	×	x	×	yAz		×	e		×	*{{{

|
                                                   (5)      

Where a = concentration of N in the solution, b = concentration of N in the blank, v = volume 

of the extract; w = weight of the fresh soil; MCF = moisture correction factor; f = dilution 

factor. 

Total nitrogen was determined by Kjeldahl digestion method (acid digestion, followed by 

steam distillation and then titration). A portion of the soil sample was oven dried (70°C) and 

from the dried sample, 0.3 g was digested using 2.5 ml of digestion mixture (hydrogen 

peroxide, sulphuric acid, selenium and salicylic acid) at 360°C for two hours. Thereafter, an 

aliquot of 10 ml was transferred into a reaction chamber. This was followed by addition of 10 

ml of 1% sodium hydroxide and immediately steam distilled for two minutes into 5 ml of 1% 

boric acid. The distillate was titrated with 140 M HCl until endpoint (colour change from green 

to definite pink), plate 4A. Concentration of total nitrogen was calculated using the formula by 

Okalebo et al. (2002). 

%	N	in	soil	sample = 	(wsv)	×	{.*	×	�	×	*{{
*{{{	×	|	×	vk

                                                                                (6)                                 
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Where a = volume of the titre HCL for the blank, b = volume of titre HCL for the sample, v = 

final volume of the digestion, w = weight of the sample taken and al = aliquot of the solution 

taken for analysis. 

Organic carbon was determined using Walkley-Black method (digestion by sulphuric acid and 

aqueous potassium dichromate (K2Cr2O7) mixture) (Okalebo et al., 2002). Soil samples was 

oven dried (70°C) to a constant weight. This was followed by complete oxidation of 0.3 g using 

7.5 ml concentrated sulphuric acid and 5 ml aqueous potassium dichromate (K2Cr2O7) mixture. 

The unused K2Cr2O7 was titrated against ferrous ammonium sulphate to endpoint where colour   

changed from greenish to brown (Plate 4B). Difference between the added and residual 

K2Cr2O7 gave the measure of OC content in soil and the concentration of OC was determined 

according to Okalebo et al. (2002)  

Organic	Carbon	(%) = ({.{{u	×	{.#	(xwsxf)	×	*{{)
|

                                                                     (7)                             

Where Vb = volume in ml of 0.2 M ferrous ammonium sulphate used to titrate reagent blank 

solution, Vs = volume in ml of 0.2 M ferrous ammonium sulphate used to titrate sample 

solution and 12/4000 is the mili-equivalent weight of C in grams. 

  

Plate 3: A photo of spectrometer used for reading absorbance which help to determine 

concentrations  

 (Source: Author). 
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Plate 4: (A) Final colour change to pink after titration during TN analysis, (B) final colour 

change to brown after OC analysis  

(Source: Author) 

3.6 Data analysis 

Data collected were statistically analyzed using IBM SPSS statistics version 20 (USA). All 

tests were carried out at p < 0.05 significance level and data subjected to normality (Shapiro-

Wilk) and homogeneity of variance (Levene’s) tests. The data for soil carbon and total nitrogen 

was checked for normality distribution prior to subjecting to ANOVA. The data for NH4-N, 

NO3−N and fluxes of CH4, CO2, and N2O were not normally distributed and therefore analyzed 

using the non-parametric Kruskal–Wallis test. Under different fertilizer application scenarios, 

only N2O emission varied significantly and hence, Tukey’s post hoc test was used to determine 

whether there were indeed differences between the means. All the mean values were presented 

with their respective standard errors. Spearman’s rank correlation was conducted to determine 

the relationship between soil properties (C/N ratio, soil moisture content, organic carbon, total 

nitrogen) and GHGs. The relationship between nutrient stocks and GHGs was analysed using 

Spearman correlation.  

 

 

 

 

A B 



29 
 

CHAPTER FOUR 

RESULTS  

4.1 Study site characteristics with respect to selected drivers of GHG emissions from soil 

The mean air temperature and soil temperature for the site were 27.06 ± 3.32◦C and 23.46 ± 

1.45◦C, respectively (Table 1). The soil moisture content differed significantly within the plots 

[one-way ANOVA, F(2, 57) = 7.74 P = 0.001] with control plots recording lower moisture 

content (53.93 ± 3.35%) compared to standard fertilized plots (69.14 ± 4.06%) and under-

fertilized plots (74.72 ± 4.15%) (Tukey’s post-hoc test P < 0.05) as indicated in Table 1. The 

soil bulk density showed no significant variations among the sites [one-way ANOVA F (2, 57) 

= 1.697, P = 0.192]. 

Table 1: Ancillary variables affecting GHG emissions measured at the study site 

during the experiment. (Values are presented as mean ± standard deviation, n = 10) 

Treatment Density (g/ml) Moisture content (%) Soil temperature (°C) 

Control 0.95 ± 0.15a 53.93 ± 14.97a 23.99 ± 1.27a 

Under 1.01 ± 0.18a 74.72 ± 18.55b 22.95 ± 1.33a 

Standard 1.04 ± 0.17a 69.14 ± 18.17bc 23.43 ± 1.60a 

Similar letters indicate no significant difference whereas different letters indicate significant 

differences along the column. (One-way ANOVA) 

4.2 Comparison of greenhouse gases’ fluxes among the fertilization scenarios 

The mean CH4 flux was slightly lower in the under-fertilized plots (7.80 ± 2.12 mg m−2 h−1) 

compared to that of standard fertilized (10.68 ± 3.79 mg m−2 h−1) and control (10.82 ± 3.74 mg 

m−2 h−1) plots. No significant difference in the CH4 fluxes was observed among the fertilization 

scenarios (Kruskal–Wallis test, P = 0.964) as shown in Figure 11a. No significant differences 

in mean CO2 flux observed among the three fertilization scenarios (Kruskal–Wallis test, P = 

0.573; Figure 11b). The mean carbon dioxide (CO2) flux was slightly higher in the standard 

fertilized plots (248.29 ± 41.22 mg m−2 h−1) compared to that of the under fertilized plots 

(208.81 ± 36.20 mg m−2 h−1) and control plots (174.80 ± 26.81 mg m−2 h−1). The mean N2O 

flux was significantly higher in standard fertilized plots (4.37 ± 3.18 μg m−2 h−1) than in the 

control plots (−3.59 ± 2.56 μg m−2 h−1), (Tukey’s post-hoc test, P = 0.009). However, there was 
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no statistical difference in the mean N2O fluxes between standard fertilized plots and under-

fertilized plots with a mean of −0.59 ± 0.45 μg m−2 h−1, (Tukey’s post-hoc test, P = 0.140; 

Figure 11c). The mean N2O fluxes in control and under-fertilized plots also had no statistical 

difference (Tukey’s post-hoc test, P = 0.260; Figure 11c). The mean GHG fluxes indicated that 

under-fertilized rice plots were a sink for N2O (−0.59 ± 0.45 μg m−2 h−1) and a source for CH4 

(6.93 ± 2.42 mg m−2 h−1) and CO2 (208.81 ± 36.20 mg m−2 h−1). Standard-fertilized rice plots 

were source for N2O (4.37 ± 3.18 μg m−2 h−1), CO2 (248.29 ± 41.22 mg m−2 h−1) and CH4 (4.00 

± 6.34 mg m−2 h−1). The control rice plots acted as sink for N2O (−3.59 ± 2.56 μg m−2 h−1) and 

a source for CH4 (8.30 ± 4.79 mg m−2 h−1) and CO2 (174.80 ± 26.81 mg m−2 h−1). 

 

Global warming potential of CH4 and N2O were estimated by multiplying their fluxes by the 

IPCC global warming potentials factors which are 25 and 298, respectively, Solomon et al. 

(2007), and thus converting into CO2 equivalents. The combined effect of the three treatments 

(got by summing up the total gas emitted by each treatment) on greenhouse gases emission 

summed up in the mg CO2 equivalents (CO2 E) did not show any statistical difference (Table 

3). The total effect for the three treatments after applying the CO2 equivalents was not 

significantly different (Kruskal–Wallis test, P > 0.05). 

Table 3: Total effect of the greenhouse gases summed up in mg CO2 Eq. (Values 

are presented as mean ± standard error).  

The GWP of CH4 and N2O calculated using the IPCC GWP factors. 

Treatment N2O_E (mg m2 h-1) CH4_E (mg m2 h-1) CO2 (mg m2 h-1) Total (mg CO2 E) 

Control -1.07 ± 0.76 207.54 ± 119.81 174.80 ± 124.72 381.27 ± 124.72 

Under -0.18 ± 0.13 173.19 ± 60.41 208.81 ± 36.20 381.83 ± 69.86 

Standard 1.30 ± 0.94 100.09 ± 158.50 248.29 ± 41.22 349.69 ± 170.77 

 

The total values for milligram of CO2 equivalent (last column) is the total sum of the values in 

each row. 
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Figure 11: Comparison of GHG fluxes among the different treatments 

(CH4 mgm-2h-1, CO2 mgm-2h-1, and N2O µgm-2h-1) among the three fertilization scenarios  

Different letters denote significant difference, while similar letters indicate no significant 

differences (Kruskal-Wallis test, P > 0.05). Pairwise comparison indicated that the significant 

difference was between control and standard fertilization. Box plots indicate mean variation of 

GHGs under different treatments whereas the whiskers depict their standard error of mean. The 

negative values indicate that the plot was a sink or the amount of gas present was too little to 

be detected by the machine. 

4.3 Comparison between soil organic carbon and nitrogen content among fertilization 

scenarios 

Mean TN for the control plots was 0.70 ± 0.38%, 0.78 ± 0.43% for under-fertilized and 0.71 ± 

0.35% for standard fertilized plots. The mean soil organic carbon fluxes did not differ 
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significantly among the three treatments (one-way ANOVA, F(2,33) = 0.219, P = 0.804; Figure 

9). The mean organic carbon for the control plots was 2.21 ± 0.70%, for the under-fertilized 

was 2.26 ± 0.68% and for the standard fertilized plots 2.08 ± 0.64%. Mean TN also did not 

differ significantly among the three treatments (one-way ANOVA, F(2, 33) = 0.134, P = 0.875; 

Figure 9). Mean soil NH4-N for control plots was 44.96 ± 9.60 μg/Kg, 63.57 ± 10.28 μg/Kg for 

standard fertilized plots and 68.02 ± 12.49 μg/Kg for under-fertilized plots (Figure 10). Mean 

soil NH4-N however did not differ significantly among the three treatments (Kruskal–Wallis 

test, P = 220). Similarly, mean NO3-N was also insignificant among the three treatments 

(Kruskal–Wallis test, P = 0.602). Control plots had a mean of 49.37 ± 18.82 μg/Kg, 63.64 ± 

26.20 μg/Kg for under-fertilized plots and 71.66 ± 29.44 μg/Kg for standard fertilized plots 

(Figure 10). The C/N ratio did not differ significantly among the three treatments [one-way 

ANOVA, F(2, 33) = 0.399, P = 0.674]. The C/N ratio for the control plots ranged from 1.2:1 

to 8.0:1, under-fertilized plots ranged from 1.3:1 to 8.0:1 while, that for standard fertilized plots 

ranged from 1.2:1 to 5.7:1. 

 

 

 

 

 

 

Figure 9: Comparisons between total nitrogen and carbon stocks in the soil under different 

fertilizer treatments (One-way ANOVA, P>0.05).  

(box plots indicate the percentage concentration and whiskers indicate standard errors)  

Carbon nitrogen ratio (C/N), TN, organic carbon and soil moisture were determined as some 

of the drivers of GHG emissions using Spearman correlation. Carbon/nitrogen ratio affects 

GHGs emissions by influencing mineralization and immobilization processes of the soil. 

Nitrous oxide showed positive correlation with TN but negative correlation with organic 

carbon (OC) and C/N ratio; however, both the positive and negative correlations were 

statistically not significant (Table 2). Methane showed an insignificant positive correlation with 

OC, C/N ration and TN (Table 2). Carbon dioxide showed an insignificant positive correlation 
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with OC and C/N ration whereas it had a negative correlation with TN which was equally not 

significant. Total nitrogen and C/N ratio showed a significant negative correlation (rs = −0.808) 

whereas OC and C/N ratio had a significant positive correlation (rs =0.370), as illustrated in 

Table 2. However, there was no significant correlation between the soil moisture and the GHGs 

as shown in Table 2. 

 

 

 

 

 

 

 

Figure 10: Distribution of nitrogen species (nitrate and ammonium) under different fertilization 

scenarios in the soil (Kruskal-Wallis test, P>0.05).  

(Box plots indicate mean variation of nutrients levels under different treatments whereas the 

whiskers depict their standard error of mean).  

Table 2: Spearman Correlation between greenhouse gases, organic Carbon, total 

nitrogen and carbon-nitrogen ratio (C/N) 

Parameters N2O CH4 CO2 OC TN C/N 

N2O 1.000      

CH4 -0.395** 1.000     

CO2 0.004 0.050 1.000    

OC -0.153 0.159 0.054 1.000   

TN 0.046 0.016 -0.005 0.192 1.000  

C/N -0.149 0.123 0.030 0.370* -0.808** 1.000 

 

* Correlation is significant at 0.05, ** Correlation is significant at 0.01 

4.4 Temporal variation of the greenhouse gases’ fluxes during sampling 

Methane fluxes significantly varied from the first sampling to the last sampling campaign 

(Kruskal-Wallis, df 9 P = 0.018). Methane emission during the first sampling was very low but 
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increased significantly during the second sampling. The variation majorly occurred in the first, 

second and third weeks of sampling (Figure 12). Similarly, CO2 showed significant variation 

during sampling (Kruskal-Wallis, df 9 P = 0.000) and it increased linearly during the 

subsequent weeks of sampling (Figure 12). Nitrous oxide was high in the first sampling 

compared to the rest of the sampling weeks. However, there was no significant variation in 

N2O fluxes during sampling period (Kruskal-Wallis, df 9 P = 0.336) as shown in Figure 12. 

 

      

 
     

  

        

        

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Temporal variation of the GHG fluxes in the study site (n = 10) 

W1 to W10 represent the sampling dates in a chronological order (W1 = first week of sampling 

on 26/9/2018 and W10 = tenth week of sampling on 1/1/2019). a = CO2, b = CH4 and c = N2O 
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CHAPTER FIVE  

DISCUSSION 

5.1 Carbon and nitrogen stocks in rice paddies 

Wetland based rice production is an important source of greenhouse gases emissions (Wang et 

al., 2017). Increased conversion of wetlands to rice paddies reduces their ability of carbon 

sequestration, thus increasing amount of GHGs (Mitchell, 2013). The low levels of carbon 

obtained in this study could be due to drainage of wetland and land preparation for rice 

plantation which exposed the accumulated carbon to oxygen, accelerating oxidation of organic 

matter to CO2 and thus reducing carbon stocks. Kumar et al. (2014) and Ma et al. (2016) 

reported loss of organic carbon through cultivation and wetland drainage, which could be an 

explanation for the observed low levels of carbon in this study. Mitsch & Hernandez, (2013) 

also noted that drainage of saturated wetland soils in addition to its natural dryness result in 

increased oxygen diffusion, translating to higher rates of decomposition of OC, consequently 

an increase in CO2 emissions. The observed low soil organic carbon can also be attributed to 

the high CO2 emission in all the three fertilization scenarios. According to VandenBygaart et 

al. (2003), when soils in a natural state are converted to agricultural land, there is an important 

loss of soil organic carbon (SOC) mainly in form of CO2. Furthermore, rice paddies are 

characterized with anoxic conditions which result to methanogenesis process, leading to loss 

of carbon as CH4 and hence reduce carbon stocks (Jain et al., 2004). 

The loss of soil carbon in Anyiko rice paddies can also be explained by the alternate drying 

(experienced when there is no rain) and wetting conditions (experienced during rainfall) which 

favours growth of microorganisms resulting to high carbon mineralization (Ma et al., 2017). 

Other studies have also observed an increase in soil microbial activity and carbon 

mineralization under alternate drying and wetting conditions by incubation experiment (Fierer 

& Schimel, 2002; Zhao et al., 2011). The alternate drying and wetting season experienced 

during the experiment supplied more oxygen into the soil and hence increased oxidation of soil 

organic carbon which results to obtained high emission of CO2 into the atmosphere.  

The two major microbial processes responsible for nitrogen transformations in soil are 

mineralization and assimilation by plants and microorganisms (Booth et al., 2005). In this 

study, the amount of total nitrogen increased from the initial value recorded in pre-test of 0.18 

± 0.06% to 0.73 ± 0.38% after the experiment. Application of nitrogen fertilizer in the soil 

during the experiment led to increased nitrogen stocks in under-fertilized and standard 
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fertilized plots. Even though the amount of total nitrogen increased, the effect of the different 

treatments on the nitrogen substrate of the plots was not significant. According to Fuhrmanna 

et al. (2018), accumulation of nitrogen in the soil could be due to immobilization and retention 

of N fertilizer in the soil. The applied nitrogen fertilizer increased the available nitrogen stock 

but did not affect the amount of NH4-N and NO3-N among the fertilizer application scenarios. 

However, the standard fertilized and under-fertilized plots had high amount of NH4-N and 

NO3-N compared to control plots. This could be associated with fact that application of N 

fertilizer supplied more nitrogen substrate resulting to enhancement of mineralization and 

ammonification process (Chirinda et al., 2018). Consequently, there was more ammonium in 

the fertilized plots than in the control plots, though the impact was not substantial. Furthermore, 

lowland rice is usually grown in waterlogged soils and this condition leads to reductive 

deamination (conversion of amino acid-N to ammonia via saturated acids), a process called 

ammonification (Sahrawat, 2010). Additionally, due to varying weather conditions at the study 

site, the field experienced episodic dry and wet periods. During dry periods, soils become 

relatively aerated and ammonium formed during mineralization is converted to nitrate via 

nitrite under oxic conditions (nitrification) (White & Reddy, 2001). This can explain the 

observed high amount of NO3-N in the paddy soil during this study.  Sahrawat (2010) noted 

that nitrification can be supported at the rice plant’s root-soil interface in wetland soils due to 

oxygen transported through the air spaces or aerenchyma tissues of the stem and roots of the 

plant.  

The ratio of carbon to nitrogen (C/N) in arable soils usually ranges between 8:1 and 15:1, with 

the median being 10:1 and 12:1 (Brady & Weil, 2008). The C/N ration in this study ranged 

between 1:1.2 and 8:1 which is quite low compared to the normal range of 8:1 and 15:1. Carbon 

nitrogen ratio in the soil is very important because it affects mineralization and immobilization 

processes of soil. The available carbon and nitrogen stocks in soil, either due to deposition from 

the atmosphere, addition of manure and application of inorganic fertilizer influences the GHGs 

emissions (Oertel et al., 2016). During this study, it was noted that N2O emissions increased 

with decreased C/N ratio but CH4 and CO2 had a positive correlation with C/N ratio, though 

not significant. This is in agreement with the study by Oertel et al. (2016) who reported a 

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

recorded at C/N ≥ 30 and highest at C/N values of 11 in addition to a positive correlation of 

CO2 and CH4 emission with the C/N ratio. Toma and Hatano (2007) noted that, N2O and CO2 

emissions increased as the C/N ratio decreased, but not significantly. It is worth noting that in 
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Toma and Hatano (2007) result for CO2 contradicts the results of the study by Oertel et al. 

(2016) and the results of this study. Moreover, intensive management of the peat lands has been 

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

al., 2017). 

Other environmental and agronomic factors like temperature, moisture content (soil humidity), 

water regimes, pH, C:N ratio, fertilizer application among others affect the mineralization 

processes in waterlogged rice soils and thus influence GHGs emissions (White & Reddy, 2001; 

Li et al., 2003). The observed high NO3-content compared to NH4+ could be because of varying 

environmental factors during the experiment, like water regime. Soil humidity affects microbial 

activities where for example, denitrifying bacteria strictly  requires                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

anoxic conditions and therefore N2O emissions have been found to be optimal at 60 % water 

filled pore space (WFPS) compared to 30 % WFPS (Gao et al., 2014). Similarly, Gao et al. 

(2014) and  Smith et al. (2003) noted that CH4 production has a positive correlation with soil 

humidity. Sahrawat (2008) explained that mineralization of organic nitrogen in aerobic soils 

resulting to formation of NO3- through nitrification which is more sensitive to high temperature 

than ammonification. Increase in temperature results to increased microbial metabolism. An 

exponential increase of CO2 and NO emission with temperature was recorded (Ludwig et al., 

2001; Tang et al., 2003). However, more studies need to be done to investigate the impact of 

environmental and agronomic factors (water regimes, fertilizer application, tillage) on 

nitrification and ammonification processes.  

5.2 Greenhouse gas fluxes under different fertilizer application scenarios 

Greenhouse gas fluxes for CH4 and CO2 were not affected by fertilizer application regime 

however, N2O fluxes varied significantly among the three treatments. It seems therefore that 

the rice paddy soil had adequate carbon stocks for the production of GHGs, particularly CH4 

and CO2 and fertilizer application did not affect the emission of these two gases. Furthermore, 

applying NPK 23:23:0 and CAN at a rate of 50 kg per acre at planting and for top dressing 

respectively promotes release of N2O as opposed to when fertilizer is applied only at planting 

or no fertilizer used at all.  

Methane emissions in flooded paddy rice fields or any waterlogged soils occur due to anoxic 

conditions (Ma et al., 2009). The emissions of CH4 to the atmosphere from paddy rice fields 

constitute a predominant source of anthropogenic CH4 (Agnihotris et al., 1998). The three 

fertilization scenarios did not have an effect on the amount of CH4 emission. This compares 
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with a study done by Linquist et al. (2012), which reported that there was no effect of fertilizer 

N application rate on CH4 emissions. Even though CH4 emission was not affected by the 

varying fertilization scenarios, the general CH4 emissions from all the treatment plots were 

high. The consistent high moisture content created by the hydrologic modification to suit rice 

production provided favourable conditions for methanogens, which proliferate methanogenesis 

(Veber et al., 2017). Fertilized larger plants provide more carbon substrate (roots and exudates) 

for methanogens thus enhancing CH4 production (Lu et al., 2000). Therefore, plants in plots 

with fertilizer grew large in size compared to un fertilized plots, thus leading to enhanced GHGs 

emission. It is also important to note that fertilization leads to enlarged aerenchyma in rice 

plants thus enhancing the pathway for gas movement from the soil substrate and consequently 

facilitates CH4 emission (Tang et al., 2018). Nitrogen fertilizer applications however have been 

reported to have varying effects on CH4 emissions. Shang et al. (2011) reported stimulation of 

CH4 emission with N fertilizer application. According to Venterea et al. (2005) methane 

emission is inhibited with N fertilizer application and in certain situations there are no 

significant effects of different N fertilizer application regimes on methane emission (Mosier et 

al., 2006). 

Fertilizer application regime did not affect the CO2 emissions. Since fertilizer application had 

no direct effect on carbon stocks, however under similar humidity conditions, one would not 

expect to see a difference in organic carbon based GHG emission. Carbon dioxide emissions 

to the atmosphere occur under oxic conditions which favours microbial decomposition of 

organic matter (Whiting & Chanton, 2001). The dry incidents experienced during sampling 

could have led to oxygen supply into the soil, enhancing the aeration and thus increased CO2 

emissions. In rice paddies, apart from drainage, oxic conditions (oxygen supply) also occur at 

the soil-water interface and in the roots hence increasing CO2 emissions to the atmosphere 

(Boateng et al., 2017). A study done by Cheng-Fang et al. (2012) showed no significant effect 

of N fertilizer application on cumulative CO2 emissions. These results are consistent with the 

findings of this study where CO2 emissions within the plots treated with different fertilization 

scenarios did not differ significantly. However, variable results have been reported from 

different studies where Iqbal et al. (2009) and  Xiao et al. (2005) reported increased CO2 

emissions with use of N fertilizer from rice paddy farms whereas Burton et al. (2004) recorded 

a decrease in CO2 emissions with use of N fertilizer. Long term studies are necessary to 

improve the understanding of the effect of fertilizer application on carbon stocks and CO2 

emissions in rice paddies.  
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Nitrogen fertilizer application affected the nitrogen stocks and therefore a notable difference 

in N2O emission from the three treatments. Emission of N2O is influenced by the availability 

of nitrogen species (NH4+ and NO3-) in the soil since they are required by microbes for 

nitrification and denitrification processes (Cowan et al., 2015).  Bin-feng et al. (2016) reported 

that N2O emissions became progressively greater as the quantities of N fertilizer applied 

increased. He noted that N inputs in the range of 52.5–300 kg N ha–1 per season caused a 

significant increase (average 145%) in N2O emissions. When fertilizer is applied into the soil, 

there is increased supply of nitrogen substrate for decomposers resulting to enhanced emission 

of N2O (Chirinda et al., 2018). Linquist et al. (2012) meta-analysis study also reported that 

N2O emissions increased significantly with increasing N fertilizer application rates, which is 

in agreement with findings of this study.  

Despite the observed differences in the emission levels of the three treatments, their net N2O 

emissions were still very low compared to those reported in literature. The low N2O emissions 

could be attributed to other environmental factors like immobilization and retention of N 

fertilizer in soil (Fuhrmanna et al., 2018). Another possible reason for the low N2O fluxes could 

be due to some of the nitrogen being lost through leaching thus reducing amount of nitrogen 

substrate available for N2O emissions. Bronson et al. (1997) in their study also observed 

negligible N2O emissions during rice growing season when the soils were flooded. This is 

probably because anoxic conditions in the flooded paddies are suitable for denitrification and 

the major product of this process is nitrogen gas (N2).  

The greenhouse gases have varying residence time in the atmosphere and different radiative 

force and thus different global warming potential GWP. The global warming potential of each 

gas is measured over a certain period of time using CO2 as the reference gas. Over a span of 

100 years, the GWP for CO2, CH4 and N2O have been found to be 1, 25, and 298 respectively 

(Solomon et al., 2007). To evaluate the overall effect of GHG production in this study, the 

GWPs was applied to the fluxes measured and the carbon dioxide equivalent (CO2 Eq) summed 

up. However, the effect of the three treatments on the overall GWP was not significant. This 

could be probably because of the short duration of the study and similar weather conditions 

experienced in all the treatment plots. Fertilizer application had no effect on the net GWP. This 

is in contrast with the study by Bin-feng et al. (2016) which noted that response of GWP to N 

addition was 3-10 folds greater for fertilization of 250–300 kg N ha–1 (266%) than for 50–250 

kg N ha–1 (26 to 80%). Methane and nitrous oxide emissions from rice fields are however of 
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great concern due to their radiative effects as well as GWP (Intergovernmental Panel on 

Climate Change, 1995). 

5.3 Temporal variability in rice field Greenhouse gas emission 

Greenhouse gases emission from paddy rice fields mainly depend on soil microbial processes 

(methanogenesis, oxidation, nitrification and denitrification) and on pathways of gas transport 

like aerenchyma, molecular diffusion and ebullition (Wang et al., 2017; Zhang et al., 2006). 

The microbial processes are affected by various environmental factors like water regime, soil 

temperature, pH, redox potential and availability of electron acceptors and donors which could 

possibly explain the observed temporal variation in emission of gases (Wang et al., 2017), 

although all the parameters were not monitored during this study. The significant temporal 

variation of CO2 and CH4 emissions reported could be associated with varying water regimes 

experienced during study period. Tang et al. (2018) observed higher CO2 emissions with 

intermittent flooded fields (32.39%) compared to continuously flooded fields (24.84%). The 

stages of plant growth also affect the GHG emission and therefore one would expect temporal 

variation of CO2 and CH4 during rice plant growing season. Wang et al. (2017) reported that 

emission rate of CH4 was relatively low (0.04–0.55mgm-2h-1) during the initial stage, increased 

as the crop matured (7.99mgm-2h-1) and then decreased following drainage and ripening of the 

rice crop (0.28–0.75mgm-2h-1). Nitrous oxide emission did not exhibit temporal variability 

during the cropping period in this study. According to Bronson et al. (1997), N2O emissions 

are in most cases negligible (2 mg N m 2d 1) during rice growth which could explain the 

observed insignificant effect of time on N2O emission.  

5.4 Greenhouse gases mitigation measures  

Increase of GHGs concentration in the atmosphere is alarming and therefore, the synergistic 

effects of climate change mitigation, adaptation and food security needs to be addressed. 

Application of the concept of wise use of wetlands (use of wetland products and services on a 

sustainable basis) is crucial to ensuring that wetlands continue to fully deliver their vital role 

in supporting maintenance of ecological character, biological diversity and human well-being. 

Wise use of wetlands is key to conservation of global ecosystem and climate change mitigation 

(Yoon, 2009). Another method is the adoption of the blue carbon movement where efforts are 

being put on the use of wetlands to absorb and sequester significant amounts of carbon in the 

oceans to alleviate the global increase of CO2 levels (Ventura, 2014). 
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Generally, mitigation of GHG emissions form agriculture is difficult due to lack of end product 

substitution (Garthorne-Hardy, 2013). Rice paddies have been reported to be a major producer 

of methane yet rice production is an essentail measure of food secuirty. However, measures are 

being put in place to mitigate GHGs emissions from rice fields through application of Systemof 

Rice intensification (SRI) which requires less agricultural inputs (land, seeds. fertilizer input, 

pesticides use) and less water compared to conventional rice cultivation (Geethalakshmi et al., 

2011; Thakur et al., 2010). Jain et al. (2013) noted that despite being major contributor of CH4, 

rice fields that  adopt SRI could reduce CH4 production by about 30 - 60 %. However, the 

ability of SRI as a water saving technology, increasing yield and reducing GHGs is still a 

controversial subject (Geethalakshmi et al., 2016). In addition, CO2 emission from rice paddies 

can be reduced by avoiding burning of rice straws after rice harvesting. 
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CHAPTER SIX   

CONCLUSION AND RECOMMENDATIONS  

6.1 Conclusion 

This study assessed soil organic carbon, soil nutrients stocks and greenhouse gas emissions 

under different treatments including: control (no fertilizer applied), under-fertilization 

(involved first and second topdressings fertilizer application only), and standard fertilization 

(involved basal, first and second fertilizer application). The following are the conclusions of 

the study as per the objectives; 

I. The various fertilization regimes did not significantly affect the soil nitrogen species 

(ammonium and nitrate), total nitrogen and soil organic carbon stocks and therefore 

the study failed to reject the first hypothesis. 

II. Even though the fertilizer application regime did not affect the amount of available 

ammonium and nitrate, there was a significantly higher N2O emission under 

standard fertilization compared to no fertilizer application (control). This was 

contrary to the first hypothesis of the study and therefore for this case the hypothesis 

was rejected. Fertilizer application regime however, had no effect on CH4 and CO2 

emissions in the short time of the study and for this case the null hypothesis was 

accepted. From this study, even though the effect of the three fertilizer application 

scenarios on CO2 was not significant, we can conclude that cultivation and land 

preparation for planting rice increased the loss of organic carbon in the form of CO2 

and therefore the ability of the Anyiko wetland to store carbon was reduced. Our 

findings suggest that the cumulative effects of such changes in the wetland land use 

may have negative implications on the ecosystem climate change regulating 

services. 

 6.2 Recommendations  

At least a year round study should be done to get a comprehensive and more informative 

seasonal and temporal variation of soil nutrients in rice paddies that is, measurement should be 

done before planting, during rice growth and after harvesting. 

Comprehensive study with different treatment levels (fertilizer type and different fertilizer 

application rates) should be done to find out their effect on GHGs emissions. This will help 

policy makers to figure out the amount of fertilizer to be used to strike a balance between yield 

and emission levels. 



43 
 

REFERENCES 

 Africa Rice Center. (2008). NERICA®: the New Rice for Africa – a Compendium. In E. A. 

Somado, R. G. Guei, & S. O. Keya, Cotonou, Benin: Africa Rice Center (WARDA); 

Rome, Italy: FAO; Tokyo, Japan:Sasakawa Africa Association. 210 pp. (p. 210). 

https://sriwestafrica.files.wordpress.com/2014/05/nerica-compendium.pdf. 

Agnihotris, S., Kulshreshtha, S. A., & Singh, S. N. (1997). Mitigation strategy to contain 

methane emission from Rice-fields. Environmental monitoring and Assessment. 

Environmental monitoring and Assessment, 58, 95-104. https://doi.org/10.1016/s0269-

7491(97)83365-9 

Ajwang, R., Vuolo, F., Kipkemboi, J., Kitaka, N., Lautsch, E., Hein, T., & Schmid, E. (2020). 

Socio-economic determinants of land use/cover change in wetlands in East Africa: A 

case study analysis of the Anyiko wetland, Kenya. https://doi.org/10.5194/egusphere-

egu2020-1154 

Akiyama, H., Yan, X., & Yagi, K. (2006). Estimations of emission factors for fertilizer-

induced direct N2O emissions from agricultural soils in Japan: Summary of available 

data. Soil Science and Plant Nutrition, 52(6), 774-787. https://doi.org/10.1111/j.1747-

0765.2006.00097.x 

Allison, S. D., Wallenstein, M. D., & Bradford, M. A. (2010). Soil-carbon response to 

warming dependent on microbial physiology. Nature Geoscience, 3(5), 336-340. 

https://doi.org/10.1038/ngeo846 

Arias-Navarro, C., Díaz-Pinés, E., Kiese, R., Rosenstock, T. S., Rufino, M. C., Stern, D., 

Neufeldt, H., Verchot, L. V., & Butterbach-Bahl, K. (2013). Gas pooling: A sampling 

technique to overcome spatial heterogeneity of soil carbon dioxide and nitrous oxide 

fluxes. Soil Biology and Biochemistry, 67, 20-23. 

https://doi.org/10.1016/j.soilbio.2013.08.011 

Arunrat, N., & Pumijumnong, N. (2017). Practices for reducing greenhouse gas emissions from 

rice production in Northeast Thailand. Agriculture, 7(1), 4. 

https://doi.org/10.3390/agriculture7010004 

Balasubramanian, V., Sie, M., Hijmans, R., & Otsuka, K. (2007). Increasing rice production in 

sub-Saharan Africa: Challenges and opportunities. Advances in Agronomy, 55-133. 

https://doi.org/10.1016/s0065-2113(06)94002-4 



44 
 

Bateman, E. J., & Baggs, E. M. (2005). Contributions of nitrification and denitrification to N2O 

emissions from soils at different water-filled pore space. Biology and Fertility of Soils, 

41(6), 379-388. https://doi.org/10.1007/s00374-005-0858-3 

Blanco, G., Gerlagh, R., Suh, S., Barrett, J., De Coninck, H. C., Diaz-Morejon, C. F., Mathur, 

R., Nakicenovic, N., Ahenkora, A., Pan, J., Pathak, H., Rice, J., Richels, R., Smith, S 

J., Stern, D I., Toth, F L., & Zhou, P. (2014). Drivers, Trends and Mitigation. In O. 

Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, . . . J. 

C. Minx, Climate Change 2014: Mitigation of Climate Change. Contribution of 

Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on 

Climate Change (S. 351-412). Cambridge, United Kingdom and New York, NY, USA: 

Cambridge University Press. 

https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_chapter5.pdf 

Boateng, K., Obeng, G., & Mensah, E. (2017). Rice cultivation and greenhouse gas emissions: 

A review and conceptual framework with reference to Ghana. Agriculture, 7(1), 7. 

https://doi.org/10.3390/agriculture7010007 

Booth, M. S., Stark, J. M., & Rastetter, E. (2005). Controls on nitrogen cycling in terrestrial 

ecosystems: A synthetic analysis of literature data. Ecological Monographs, 75(2), 139-

157. https://doi.org/10.1890/04-0988 

Brady , N. C., & Weil, R. R. (2008). The Nature and Properties of Soils (14 Ausg.). New 

Jersey, Columbus, Ohio, USA: Pearson Prentice-Hall Upper Sadle River. 

https://www.worldcat.org/title/nature-and-properties-of-soils/oclc/141852491 

Bronson, K. F., Neue, H., Abao, E. B., & Singh, U. (1997). Automated chamber measurements 

of methane and nitrous oxide flux in a flooded rice soil: II. Fallow period emissions. 

Soil Science Society of America Journal, 61(3), 988-993. 

https://doi.org/10.2136/sssaj1997.03615995006100030039x 

Bruce, T. J. (2010). Tackling the threat to food security caused by crop pests in the new 

millennium. Food Security, 2(2), 133-141. https://doi.org/10.1007/s12571-010-0061-8 

Budiman, H., Nuryatini, & Zuas, O. (2015). Comparison between GC-TCD and GC-FID for 

the determination of propane in gas mixture. Procedia Chemistry, 16, 465-472. 

https://doi.org/10.1016/j.proche.2015.12.080 

Buresh, R. J., Reddy, K. R., & Van Kessel, C. (2008). Nitrogen Transformations in Submerged 

Soils. In J. S. Schepers , & W. R. Raun, Nitrogen in Agricultural Systems (S. 401-436). 



45 
 

USA: America Society of Agronomy. 

https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr49.c11 

Burton, A. J., Pregitzer, K. S., Crawford, J. N., Zogg, G. P., & Zak, D. R. (2004). Simulated 

chronic NO3 − deposition reduces soil respiration in northern hardwood forests. Global 

Change Biology, 10(7), 1080-1091. https://doi.org/10.1111/j.1365-2486.2004.00737.x 

Butterbach-Bahl, K. K., Kiese, R. R., & Liu, C. (2011). Measurements of biosphere atmosphere 

exchange of CH4 in terrestrial ecosystems 1st ed, Methods in Enzymology. Elsevier Inc. 

https://doi.org/10.1016/B978-0-12-386905-0.00018-8 

Butterbach-Bahl, K., Ole Sander, B., Pelster, D., & Díaz-Pinés, E. (2016). Quantifying 

Greenhouse Gas Emissions from Managed and Natural Soils. In T. S. Rosenstock, M. 

C. Rufino, K. Butterbach-Bahl, E. Wollenberg , & M. Richards , Methods for 

Measuring Greenhouse Gas Balances and Evaluating Mitigation Options in 

Smallholder Agriculture (S. 71-96). https://doi.org/10.1007/978-3-319-29794-1_4 

Carmen, M. L. (1968). Yield of rice as affected by fertilizer rates, soil and meteorological 

factors. Retrospective Theses and Dissertations. 3652. 

https://lib.dr.iastate.edu/cgi/viewcontent.cgi?article=4651&context=rtd 

Caro, D., Davis, S. J., Bastianoni, S., & Caldeira, K. (2014). Global and regional trends in 

greenhouse gas emissions from livestock. Climatic Change, 126(1-2), 203-216. 

https://doi.org/10.1007/s10584-014-1197-x 

Cheng-Fang, L., Dan-Na, Z., Zhi-Kui, K., Zhi-Sheng, Z., Jin-Ping, W., Ming-Li, C., & Cou-

Gui, C. (2012). Effects of tillage and nitrogen fertilizers on CH4 and CO2 emissions and 

soil organic carbon in Paddy fields of central China. PLoS ONE, 7(5), e34642. 

https://doi.org/10.1371/journal.pone.0034642 

Chirinda, N., Arenas, L., Katto, M., Loaiza, S., Correa, F., Isthitani, M., Loboguerrero, A., 

Martínez-Barón, D., Graterol, E., Jaramillo, S., Torres, C., Arango, M., Guzmán, M., 

Avila, I., Hube, S., Kurtz, D., Zorrilla, G., Terra, J., Irisarri, P., … Bayer, C. (2018). 

Sustainable and low greenhouse gas emitting rice production in Latin America and the 

Caribbean: A review on the transition from ideality to reality. Sustainability, 10(3), 671. 

https://doi.org/10.3390/su10030671 

Collier, S. M., Ruark, M. D., Oates, L. G., Jokela, W. E., & Dell, C. J. (2014). Measurement of 

greenhouse gas flux from agricultural soils using static chambers. Journal of Visualized 

Experiments, (90). https://doi.org/10.3791/52110 



46 
 

Conrad, R. (2002). Control of microbial methane production in wetland rice fields. Nutrients 

Cycling in Agroecosystems, 64, 59–69. 

https://www.nateko.lu.se/sites/nateko.lu.se/files/exampel_review_conrad_2002.pdf 

Cowan, N. J., Norman, P., Famulari, D., Levy, P. E., Reay, D. S., & Skiba, U. M. (2015). 

Spatial variability and hotspots of soil N<sub>2</sub>O fluxes from intensively grazed 

grassland. Biogeosciences, 12(5), 1585-1596. https://doi.org/10.5194/bg-12-1585-

2015 

Crafter, S. A., Njuguna, S. G., & Howard, G. W. (1992). Wetlands of Kenya. Proceedings of 

the Kenya Wetland Working Group (KWWG) seminar on wetlands of Kenya, National 

Museum of Kenya, Nairobi, Kenya, 3-5 July 1991. Nairobi: IUCN Library System. 

Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Dentener, F., Van Aardenne, J. A., 

Monni, S., Doering, U., Olivier, J. G., Pagliari, V., & Janssens-Maenhout, G. (2018). 

Gridded emissions of air pollutants for the period 1970–2012 within EDGAR v4.3.2. 

Earth System Science Data, 10(4), 1987-2013. https://doi.org/10.5194/essd-10-1987-

2018 

Cubasch, U., Wuebbles, D., Chen, D., Facchini, M. C., Frame, D., Mahowald, N., & Winther 

, J.-G. (2013). Introduction. In T. F. Stocker, D. Qin , G.-K. Plattner, M. Tignor, S. K. 

Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, & P. M. Midgley, Climate Change 

2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change (S. 119-158). 

Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press. 

https://www.ccardesa.org/knowledge-products/ipcc-assessment-report-5-physical-

science-basis-working-group-i-1-introduction 

Denmead, O. T. (2008). Approaches to measuring fluxes of methane and nitrous oxide between 

landscapes and the atmosphere. Plant and Soil, 309(1-2), 5-24. 

https://doi.org/10.1007/s11104-008-9599-z 

Department of Biotechnology, Ministry of Science & Technology & Ministry of Environment 

and Forests, Govt. of India. (2011). Biology of Oryza Sative L. (Rice). Abgerufen am 

May 2021 von http:bangladeshbiosafety.org> 

Ding, F., Hu, Y., Li, L., Li, A., Shi, S., Lian, P., & Zeng, D. (2013). Changes in soil organic 

carbon and total nitrogen stocks after conversion of meadow to cropland in Northeast 

China. Plant and Soil, 373(1-2), 659-672. https://doi.org/10.1007/s11104-013-1827-5 



47 
 

Dunfield, P., & Knowles, R. (1995). Kinetics of inhibition of methane oxidation by nitrate, 

nitrite, and ammonium in a humisol. Applied and environmental microbiology, 61(8), 

3129-3135. https://doi.org/10.1128/aem.61.8.3129-3135.1995 

Dunna, V., & Roy, B. (2013). Rice (Oryza sativa L.). In B. Roy, A. k. Basu , & A. B. Mandal, 

Breeding, Biotechnology and Seed Prodcution of Field Crops (S. 71-122). New Delhi: 

New India Publishing Agency.  

Evans, A. A., Florence, N. O., & Eucabeth, B. O. (2018). Production and marketing of rice in 

Kenya: Challenges and opportunities. Journal of Development and Agricultural 

Economics, 10(3), 64-70. https://doi.org/10.5897/jdae2017.0881 

Food and Agriculture Organization. (2015). Estimating Greenhouse Gas Emissions In 

Agriculture :A Manual to Address Data Requirements for Developing Countries. 

Rome: FAO. Retrieved from 

http://www.fao.org/climatechange/415210373071b6020a176718f15891d3387559.pdf 

Food and Agricture Organization. (2016). FAOSTAT. Retrieved July 24, 2019, from 

http://www.fao.org/faostat/en/#compare 

Food and Agriculture Organization. (2012). Smallholders and Family Farmers-factsheet. 

Retrieved April 4, 2018, from 

http://www.fao.org/fileadmin/templates/nr/sustainability_pathways/docs/Factsheet_S

mallholder.pdf 

Food and Agriculture Organization. (2017). Rice Market Monitors. Retrieved July 18, 2019, 

from Rice Market Monitors: 

http://www.fao.org/fileadmin/templates/est/COMM_MARKETS_MONITORING/Ric

e/Images/RMM/RMM_APR17_H.pdf 

Fierer, N., & Schimel, J. P. (2002). Effects of drying–rewetting frequency on soil carbon and 

nitrogen transformations. Soil Biology and Biochemistry, 34(6), 777-787. 

https://doi.org/10.1016/s0038-0717(02)00007-x 

Frenzel, P., Bosse, U., & Janssen, P. H. (1999). Rice roots and methanogenesis in a Paddy soil: 

Ferric iron as an alternative electron acceptor in the rooted soil. Soil Biology and 

Biochemistry, 31(3), 421-430. https://doi.org/10.1016/s0038-0717(98)00144-8 

Fuhrmann, I., He, Y., Lehndorff, E., Brüggemann, N., Amelung, W., Wassmann, R., & 

Siemens, J. (2018). Nitrogen fertilizer fate after introducing maize and upland-rice into 



48 
 

continuous Paddy rice cropping systems. Agriculture, Ecosystems & Environment, 258, 

162-171. https://doi.org/10.1016/j.agee.2018.02.021 

Gao, B., Ju, X., Su, F., Meng, Q., Oenema, O., Christie, P., Chen, X., & Zhang, F. (2014). 

Nitrous oxide and methane emissions from optimized and alternative cereal cropping 

systems on the north China plain: A two-year field study. Science of The Total 

Environment, 472, 112-124. https://doi.org/10.1016/j.scitotenv.2013.11.003 

Garthorne-Hardy, A. (2013). Greenhouse gas emissions from rice. Abgerufen am 2. July 2018 

von RGTW Working Paper Number 3: 

http://www.southasia.ox.ac.uk/.../GHG/%20emissions%20from%20rice%20-

%20workin.pdf 

Geethalakshmi, V., Lakshmanan, A., Rajalakshmi, D., Jagannathan, R., Sridhar, G., Ramaraj, 

A. P., Bhuvaneswari, K., Gurusamy, L., & Anbhazhagan, R. (2011). Climate change 

impact assessment and adaptation strategies to sustain rice production in Cauvery basin 

of Tamil Nadu. Current Science, 101(3), 342–347. 

https://www.researchgate.net/publication/236677609_Climate_change_impact_assess

ment_and_adaptation_strategies_to_sustain_rice_production_in_Cauvery_basin_of_T

amil_Nadu 

Geethalakshmi, V., Tesfai, M., Lakshmanan, A., Borrell, A., Nagothu, U. S., Arasu, M. S., 

Senthilraja , K., Manikandan, N., & Sumathi, S. (2016). Climate-smart rice cultivation 

system to mitigate climate change impacts in India. In U. S. Nagothu, Climate change 

and agricultural development: improving resilience through climate smart agriculture, 

agroecology and conservation (S. 232-258). Abingdon, Oxon, United Kingdom: 

Routledge. 

https://www.researchgate.net/publication/311614918_System_of_Rice_Intensification

_Climate-

smart_Rice_Cultivation_System_to_Mitigate_Climate_Change_Impacts_in_India 

Government of Kenya. (2012). National Climate Change Action Plan 2013 - 2017 Executive 

Summary. Ministry of Environment and Mineral Resources, Nairobi, Kenya. 

https://cdkn.org/wp-content/uploads/2012/12/Kenya-Climate-Change-Action-

Plan_Executive-Summary.pdf 

Government of Kenya. (2017). Kenya Climate Smart Agriculture Strategy-2017-2026. Nairobi, 

Kenya: Ministry of Agriculture, Livestock and Fisheries. 



49 
 

http://www.mediaterre.org/docactu,cGV4aW5lZy9kb2NzL2tlbnlhLWNsaW1hdGUtc

21hcnQtYWdyaWN1bHR1cmU=,11.pdf 

Haifa Group. (2019). Crop Guide: Rice cultivation. Abgerufen am 7. November 2019 von 

https://www.haifa-group.com/rice-fertilizer/crop-guide-rice-cultivation 

Hensen, A., Skiba, U., & Famulari, D. (2013). Low cost and state of the art methods to measure 

nitrous oxide emissions. Environmental Research Letters, 8(2), 025022. 

https://doi.org/10.1088/1748-9326/8/2/025022 

Hernandez, M. E., & Mitsch, W. J. (2007). Denitrification in created riverine wetlands: 

Influence of hydrology and season. Ecological Engineering, 30(1), 78-88. 

https://doi.org/10.1016/j.ecoleng.2007.01.015 

Indeche, A., & Ondieki-Mwaura, F. (2015). Level of knowledge on application of sustainable 

agriculture practices among rice farmers in Mwea, Kirinyaga County, Kenya. 

International Journal of Education and Research, 3(9), 313-330. 

Intergovernmental Panel on Climate Change. (1992). Climate Change: The Supplementary 

Report to the IPCC Scientific Assessment. New York: Cambridge University Press. 

Intergovernmental Panel on Climate Change. (1995). The science of climate change: Climate 

change, impacts, adaptations and mitigation of climate change. In I. T. Houghton, F. 

Meira, L. G. Callander, B. A. Harris, A. Kattenberg, & K. Maskell, Scientific technical 

analysis. Cambridge, Cambridge University Press. 

Intergovernmental Panel on Climate Change. (1996). IPCC Guidelines for National 

Greenhouse Gas Inventories, Reference Manual: Methane Emisssion from Rice 

Cultivation, Flooded Rice Fields.  

Intergovernmental Panel on Climate Change. (2007). Climate Change 2007: The physical 

science basis. Contribution of workgroup I to the fourth assessment report of the 

Intergovernmental Panel on Climate Change. United Kingdom and New York, NY, 

USA: Cambridge University Press. 

Iqbal, J., Hu, R., Lin, S., Hatano, R., Feng, M., Lu, L., Ahamadou, B., & Du, L. (2009). CO2 

emission in a subtropical red Paddy soil (Ultisol) as affected by straw and N-fertilizer 

applications: A case study in southern China. Agriculture, Ecosystems & Environment, 

131(3-4), 292-302. https://doi.org/10.1016/j.agee.2009.02.001 



50 
 

International Rice Research Institute. (2015). Rice production manual: Steps to successful rice 

production. Los Baños (Philippines): International Rice Research Institute. Retrieved 

from http://knowledgebank.irri.org/images/docs/12-steps-Required-for-Successful-

Rice-Production.pdf 

International Rice Research Institute. (2018). Kenya International Rice Research Institute. 

Retrieved May 2021, from https://www.irri.org/where-we-work/countries/kenya 

Ishii, S., Ikeda, S., Minamisawa, K., & Senoo, K. (2011). Nitrogen cycling in rice Paddy 

environments: Past achievements and future challenges. Microbes and Environments, 

26(4), 282-292. https://doi.org/10.1264/jsme2.me11293 

Jain, N., Dubey, R., Dubey, D. S., Singh, J., Khanna, M., Pathak, H., & Bhatia, A. (2013). 

Mitigation of greenhouse gas emission with system of rice intensification in the indo-

gangetic plains. Paddy and Water Environment, 12(3), 355-363. 

https://doi.org/10.1007/s10333-013-0390-2 

Jain, N., Pathak, H., Mitra, S., & Bhatia, A. (2004). Emission of methane from rice fields. A 

review: Journal of Science and Industrial Research, 63, 101-115. 

Johnson, J. M., Franzluebbers, A. J., Weyers, S. L., & Reicosky, D. C. (2007). Agricultural 

opportunities to mitigate greenhouse gas emissions. Environmental Pollution, 150(1), 

107-124. https://doi.org/10.1016/j.envpol.2007.06.030 

Junk, W. J., An, S., Finlayson, C. M., Gopal, B., Květ, J., Mitchell, S. A., Mitsch, W. J., & 

Robarts, R. D. (2012). Current state of knowledge regarding the world’s wetlands and 

their future under global climate change: A synthesis. Aquatic Sciences, 75(1), 151-

167. https://doi.org/10.1007/s00027-012-0278-z 

Khalil, M. A., Rasmussen, R. A., Shearer, M. J., Dalluge, R. W., & Ren, L. (1998). Factors 

Affecting Methane Emissions from Rice Fields. Journal of Geophysical Research, 

103(D19), 25219-25231. 

Kim, G. L. (1999). A Measurement of Global Warming Gases. In K. H. Kim, Measuring 

Technology of Atmospheric Pollution Substances (S. 159–163). Seoul, Korea: Korea 

Atmospheric Environment Association & Korea Environmental Analysis Association. 

Kumar, S., Nakajima, T., Mbonimpa, E., Gautam, S., Somireddy, U., Kadono, A., Lal, R., 

Chintala, R., Rafique, R., & Fausey, N. (2014). Long-term tillage and drainage 

influences on soil organic carbon dynamics, aggregate stability and corn yield. Soil 



51 
 

Science and Plant Nutrition, 60(1), 108-118. 

https://doi.org/10.1080/00380768.2013.878643 

Kurgat, B. K., Stöber, S., Mwonga, S., Lotze-Campen, H., & Rosenstock, T. S. (2018). 

Livelihood and climate trade-offs in Kenyan Peri-urban vegetable production. 

Agricultural Systems, 160, 79-86. https://doi.org/10.1016/j.agsy.2017.10.003 

Kutzbach, L., Schneider, J., Sachs, T., Giebels, M., Nykänen, H., Shurpali, N. J., 

Martikainen, P. J., Alm, J., & Wilmking, M. (2007). CO2 flux determination by closed-

chamber methods can be seriously biased by inappropriate application of linear 

regression. Biogeosciences, 4(6), 1005-1025. https://doi.org/10.5194/bg-4-1005-2007 

Le Mer, J., & Roger, P. (2001). Production, oxidation, emission and consumption of methane 

by soils: A review. European Journal of Soil Biology, 37(1), 25-50. 

https://doi.org/10.1016/s1164-5563(01)01067-6 

Le Quéré , C., Andrew, R. M., Friedlingstein, P., Sitch, S., Hauck, J., Pongratz, J., Pickers, 

Penelope A., Korsbakken, J. Ivar., Peters, G. P., Canadell, J. G., & Arneth, A. (2018). 

Global Carbon Budget 2018. Earth System Science Data, 10, 2141–2194. 

https://doi.org/10.5194/essd-10-2141-2018 
Leytem, A. B., Dungan, R. S., Bjorneberg, D. L., & Koehn, A. C. (2011). Emissions of 

ammonia, methane, carbon dioxide, and nitrous oxide from dairy cattle housing and 

manure management systems. Journal of Environmental Quality, 40(5), 1383-1394. 

https://doi.org/10.2134/jeq2009.0515 

Li, H., Han, Y., & Cai, Z. (2003). Nitrogen mineralization in Paddy soils of the Taihu region 

of China under anaerobic conditions: Dynamics and model Fitting. Geoderma, 115(3-

4), 161-175. https://doi.org/10.1016/s0016-7061(02)00358-0 

Linquist, B. A., Adviento-Borbe, M. A., Pittelkow, C. M., Van Kessel, C., & Van 

Groenigen, K. J. (2012). Fertilizer management practices and greenhouse gas emissions 

from rice systems: A quantitative review and analysis. Field Crops Research, 135, 10-

21. https://doi.org/10.1016/j.fcr.2012.06.007 

Lu, Y., Wassmann, R., Neue, H., & Huang, C. (2000). Dynamics of dissolved organic carbon 

and methane emissions in a flooded rice soil. Soil Science Society of America Journal, 

64(6), 2011-2017. https://doi.org/10.2136/sssaj2000.6462011x 

Ludwig, J., Meixner, F. X., Vogel, B., & Forstner, J. (2001). Soil-air exchange of nitric oxide: 

An overview of processes, environmental factors, and modeling studies. 

Biogeochemistry, 52, 225–257. DOI:10.1023/A:1006424330555 



52 
 

Ma, K., Liu, J., Balkovič, J., Skalský, R., Azevedo, L. B., & Kraxner, F. (2016). Changes in 

soil organic carbon stocks of wetlands on China's Zoige plateau from 1980 to 2010. 

Ecological Modelling, 327, 18-28. https://doi.org/10.1016/j.ecolmodel.2016.01.009 

Ma, K., Qiu, Q., & Lu, Y. (2009). Microbial mechanism for rice variety control on methane 

emission from rice field soil. Global Change Biology, no-no. 

https://doi.org/10.1111/j.1365-2486.2009.02145.x 

Ma, Y., Xu, J. Z., Wei, Q., Yang, S. H., Chen, S. Y., & Liao, Q. (2017). Organic carbon content 

and its liable components in paddy soil under water-saving irrigation. Plant Soil 

Environ, 63, 125–130. https://doi.org/10.17221/817/2016-PSE 

Magreta, R., Edriss, A. K., Mapemba, L., & Zingore, S. (2013). Economic Efficiency of Rice 

Production in Smallholder Irrigation Schemes: A Case of Nkhate Irrigation Scheme in 

Southern Malawi. Invited paper presented at the 4th International Conference of the 

African Association of Agricultural Economists, September,22-25, 2013. Hammamet, 

Tunisia. https://ideas.repec.org/p/ags/aaae13/161636.html 

McClelland, J. F., Bajic, S. J., Jones, R. W., & Seaverson, L. M. (1996). Introduction to 

Photoacoustic Spectroscopy with Step Scan and Constant Velocity Scan FTIR 

Spectrometers. In F. M. Mirabella, Modern techniques in applied molecular 

spectroscopy (S. 1-4). New York, USA: John Wiley & Sons, Inc. 

MEMR. (2012). Kenya Wetlands Atlas. Nairobi, Kenya: Ministry of Environment and Mineral 

Reseources. Retrieved from http://academia-ke.org/library/download/memr-kenya-

wetlands-atlas-2012/ 

Mironga, J. (2005). Effect of farming practices on wetlands of kisii district, Kenya. Applied 

Ecology and Environmental Research, 3(2), 81-91. 

https://doi.org/10.15666/aeer/0302_081091 

Mitchell, S. A. (2012). The status of wetlands, threats and the predicted effect of global climate 

change: The situation in sub-Saharan Africa. Aquatic Sciences, 75(1), 95-112. 

https://doi.org/10.1007/s00027-012-0259-2 

Mitsch, W. J., & Hernandez, M. E. (2012). Landscape and climate change threats to wetlands 

of north and Central America. Aquatic Sciences, 75(1), 133-149. 

https://doi.org/10.1007/s00027-012-0262-7 

Moomaw, W. R., Chmura, G. L., Davies, G. T., Finlayson, C. M., Middleton, B. A., 

Natali, S. M., Perry, J. E., Roulet, N., & Sutton-Grier, A. E. (2018). Wetlands in a 



53 
 

changing climate: Science, policy and management. Wetlands, 38(2), 183-205. 

https://doi.org/10.1007/s13157-018-1023-8 

Morrison, E. H., Upton, C., Odhiambo-K’oyooh, K., & Harper, D. M. (2011). Managing the 

natural capital of papyrus within riparian zones of Lake Victoria, Kenya. 

Hydrobiologia, 692(1), 5-17. https://doi.org/10.1007/s10750-011-0839-5 

Mosier, A. R., Halvorson, A. D., Reule, C. A., & Liu, X. J. (2006). Net global warming 

potential and greenhouse gas intensity in irrigated cropping systems in northeastern 

Colorado. Journal of Environmental Quality, 35(4), 1584-1598. 

https://doi.org/10.2134/jeq2005.0232 

National Research Council. (2010). Advancing the Science of Climate Change, Report in Brief. 

Washington, D.C: National Research Council, National Academies Press, ISBN: 0-

309-14588-0. 

Nguyen, N. V. (2006). Global Climate Changes and Rice Food Security. International rice 

commission, FAO, Rome, Italy. http://www.fao.org/forestry/15526-

03ecb62366f779d1ed45287e698a44d2e.pdf 

Njinju, S. M., Samejima, H., Katsura, K., Kikuta, M., Gweyi-Onyango, J. P., Kimani, J. M., 

Yamauchi, A., & Makihara, D. (2018). Grain yield responses of lowland rice varieties 

to increased amount of nitrogen fertilizer under tropical Highland conditions in central 

Kenya. Plant Production Science, 21(2), 59-70. 

https://doi.org/10.1080/1343943x.2018.1436000 

Oertel, C., Matschullat, J., Andreae, H., Drauschke, T., Schröder, C., & Winter, C. (2015). Soil 

respiration at forest sites in Saxony (Central Europe). Environmental Earth Sciences, 

74(3), 2405-2412. https://doi.org/10.1007/s12665-015-4241-x 

Oertel, C., Matschullat, J., Zurba, K., Zimmermann, F., & Erasmi, S. (2016). Greenhouse gas 

emissions from soils—A review. Geochemistry, 76(3), 327-352. 

https://doi.org/10.1016/j.chemer.2016.04.002 

Ogada, M. J., Muchai, D., Mwabu, G., & Mathenge, M. (2014). Technical efficiency of 

Kenya’s smallholder food crop farmers: Do environmental factors matter? 

Environment, Development and Sustainability, 16(5), 1065-1076. 

https://doi.org/10.1007/s10668-014-9513-1 

Okalebo, R. J., Gathua, K. W., & Woomer, P. L. (2002). Laboratory Methods of Soil and Plant 

Analysis: A Working Manual. Nairobi, Kenya. 



54 
 

Okech, F. O. (2016). Land use strategies for sustainable wetland development and protection: 

A case study of Yala swamp [Master's thesis]. 

http://erepository.uonbi.ac.ke/handle/11295/99821 

Olivier, J. G., & Peters, J. A. (2018). Trends in Global CO2 and Total Greenouse gas emissions: 

2018 Report. The Hague: PBL Netherlands Environmental Assessment Agency. 

https://www.pbl.nl/en/publications/trends-in-global-co2-and-total-greenhouse-gas-

emissions-2018-report 

Olivier, J. G., Schure, K. M., & Peters, J. A. (2017). Trends in global CO2 and total greenhouse 

gas emissions: 2017 Report. The Hague: PBL Netherlands Environmental Assessment 

Agency. https://www.pbl.nl/sites/default/files/downloads/pbl-2017-trends-in-global-

co2-and-total-greenhouse-gas-emissons-2017-report_2674_0.pdf 

Onyango , A. O. (2014). Exploring Options for Improving Rice Production to Reduce Hunger 

and Poverty in Kenya. World Environment, 4(4), 172-179. 

doi:10.5923/j.env.20140404.03 

Onyango, J. C. (2006). Rice, a crop for wealth creation: Productivity and prospects in Kenya’s 

food security. Maseno University, Kisumu, Kenya. 

Oseko, E., & Dienya, T. (2015). Fertilizer Consumption and Fertilizer Use by Crop (FUBC) in 

Kenya. http://www.africafertilizer.org/wp-content/uploads/2017/05/FUBC-Kenya-

final-report-2015.pdf. 

Parkin, T. B., & Venterea, R. T. (2010). Chamber based trace gas flux measurements. In R. F. 

Follett, Sampling Protocols (S. 3-1 to 3-39). 

Pilegaard, K., Skiba, U., Ambus, P., Beier, C., Brüggemann, N., Butterbach-Bahl, K., Dick, J., 

Dorsey, J., Duyzer, J., Gallagher, M., Gasche, R., Horvath, L., Kitzler, B., Leip, A., 

Pihlatie, M. K., Rosenkranz, P., Seufert, G., Vesala, T., Westrate, H., … Zechmeister-

Boltenstern, S. (2006). Factors controlling regional differences in forest soil emission 

of nitrogen oxides (NO and N<sub>2</sub>O). Biogeosciences, 3(4), 651-661. 

https://doi.org/10.5194/bg-3-651-2006 

Ramsar Convention. (2007). Ramsar Information Paper no. 1: What are wetlands? Abgerufen 

am 29. August 2019 von 

https:///www.ramsar.org/sites/default/files/documents/library/info2007-01-e.pdf 



55 
 

Ramsar Convention Secretariat. (2016). Ramsar handbooks: An Introduction to the Convention 

on Wetlands (5th Ausg.). Gland, Switzerland. 

Reddy, K. R. (1982). Nitrogen cycling in a flooded-soil ecosystem planted to rice (Oryza sativa 

L.). Plant and Soil, 67(1-3), 209-220. https://doi.org/10.1007/bf02182768 

Reddy, K. R., D’Angelo, E. M., & Harris, W. G. (2000). Biochemistry of wetlands. In M. E. 

Sumner, Handbook of Soil Science (S. G89-G119). Boca Raton FL: CRC Press. 

Republic of Kenya. (2008). National Rice Development Strategy (2008-2018). Ministry of 

Agriculture, Kenya. Von 

https://www.jica.go.jp/english/our_work/thematic_issues/agricultural/...kenya_en.pdf 

abgerufen 

Rochette, P., Ellert, B., Gregorich, E. G., Desjardins, R. L., Pattey, E., Lessard, R., & 

Johnson, B. G. (1997). Description of a dynamic closed chamber for measuring soil 

respiration and its comparison with other techniques. Canadian Journal of Soil Science, 

77(2), 195-203. https://doi.org/10.4141/s96-110 

Rosenstock, T. S., Mpanda, M., Pelster, D. E., Butterbach-Bahl, K., Rufino, M. C., 

Thiong'o, M., Mutuo, P., Abwanda, S., Rioux, J., Kimaro, A. A., & Neufeldt, H. 

(2016). Greenhouse gas fluxes from agricultural soils of Kenya and Tanzania. Journal 

of Geophysical Research: Biogeosciences, 121(6), 1568-1580. 

https://doi.org/10.1002/2016jg003341 

Rosenstock, T. S., Rufino, M. C., Butterbach-Bahl, K., & Wollenberg, E. (2013). Toward a 

protocol for quantifying the greenhouse gas balance and identifying mitigation options 

in smallholder farming systems. Environmental Research Letters, 8(2), 021003. 

https://doi.org/10.1088/1748-9326/8/2/021003 

Rosenstock, T. S., Rufino, M. C., Butterbach-Bahl, K., Wollenberg, E., & Richards, M. (2016). 

Methods for Measuring Greenhouse Gas Balances and Evaluating Mitigation Options 

in Smallholder Agriculture (1-203.). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-29794-1  

Safary, L. M. (2016). Influence of Human acivities on wetlands on the physical environment in 

Nairobi Kenya: A case of Westlands Sub-county [Master's thesis]. 

http://erepository.uonbi.ac.ke/bitstream/handle/11295/100239/Safary%20Laveen_Infl

uence%20of%20Human%20Activities%20on%20Wetlands%20on%20the%20Physic



56 
 

al%20Environment%20in%20Nairobi%20County,%20Kenya-

%20a%20Case%20of%20Westlands%20Sub-county.pdf?sequence=1 

Sahrawat, K. L. (2008). Factors affecting nitrification in soils. Communications in Soil Science 

and Plant Analysis, 39(9-10), 1436-1446. https://doi.org/10.1080/00103620802004235 

Sahrawat, K. L. (2010). Nitrogen mineralization in lowland rice soils: The role of organic 

matter quantity and quality. Archives of Agronomy and Soil Science, 56(3), 337-353. 

https://doi.org/10.1080/03650340903093158 

Sanderson, B. M., O'Neill, B. C., & Tebaldi, C. (2016). What would it take to achieve the Paris 

temperature targets? Geophysical Research Letters, 43(13), 7133-7142. 

https://doi.org/10.1002/2016gl069563 

Shang, Q., Yang, X., Gao, C., Wu, P., Liu, J., Xu, Y., Shen, Q., Zou, J., & Guo, S. (2010). Net 

annual global warming potential and greenhouse gas intensity in Chinese double rice-

cropping systems: A 3-year field measurement in long-term fertilizer experiments. 

Global Change Biology, 17(6), 2196-2210. https://doi.org/10.1111/j.1365-

2486.2010.02374.x 

Shi, W., Yan, M., Zhang, J., Guan, J., & Du, S. (2014). Soil CO2 emissions from five different 

types of land use on the semiarid Loess Plateau of China, with emphasis on the 

contribution of winter soil respiration. Atmospheric Environment, 88, 74-82. 

https://doi.org/10.1016/j.atmosenv.2014.01.066 

Singh, B., & Singh, V. K. (2017). Fertilizer Management in Rice. In B. S. Chauhan, G. 

Mahajan, & K. Jabran, Rice Production Worldwide (S. 217-253). Springer International 

Publishing. DOI:10.1007/978-3-319-47516-5_10 

Smith, K. A., Ball, T., Conen, F., Dobbie, K. E., Massheder, J., & Rey, A. (2003). Exchange 

of greenhouse gases between soil and atmosphere: Interactions of soil physical factors 

and biological processes. European Journal of Soil Science, 54(4), 779-791. 

https://doi.org/10.1046/j.1351-0754.2003.0567.x 

Smith, K. A., Smith, K. A., & Conen, F. (2004). Impacts of land management on fluxes of trace 

greenhouse gases. Soil Use and Management, 20(2), 255-263. 

https://doi.org/10.1079/sum2004238 

Solomon, S., Qin, D., Manning, M., Alley, R. B., Berntsen, T., Bindoff, N. L., Wratt, R. A. 

(2007). Climate change 2007: The physical science basis. contribution of working 

group I to the fourth assessment report of the intergovernmental panel on climate 

change. Ipcc Wg1 23–78, Cambridge,United Kingdom and New York, NY, USA. 



57 
 

Sun, B., Zhao, H., Lu, Y., Lu, F., & Wang, X. (2016). The effects of nitrogen fertilizer 

application on methane and nitrous oxide emission/uptake in Chinese croplands. 

Journal of Integrative Agriculture, 15(2), 440-450. https://doi.org/10.1016/s2095-

3119(15)61063-2 

Tang, J., Baldocchi, D. D., Qi, Y., & Xu, L. (2003). Assessing soil CO2 efflux using 

continuous measurements of CO2 profiles in soils with small solid-state sensors. 

Agricultural and Forest Meteorology, 118(3-4), 207-220. 

https://doi.org/10.1016/s0168-1923(03)00112-6 

Tang, J., Wang, J., Li, Z., Wang, S., & Qu, Y. (2018). Effects of irrigation regime and nitrogen 

fertilizer management on CH4, N2O and CO2 emissions from saline–alkaline Paddy 

fields in Northeast China. Sustainability, 10(2), 475. 

https://doi.org/10.3390/su10020475 

Tangen, B. A., Finocchiaro, R. G., & Gleason, R. A. (2015). Effects of land use on greenhouse 

gas fluxes and soil properties of wetland catchments in the prairie pothole region of 

North America. Science of The Total Environment, 533, 391-409. 

https://doi.org/10.1016/j.scitotenv.2015.06.148 

Thakur, A. K., Rath, S., Roychowdhury, S., & Uphoff, N. (2010). Comparative performance 

of rice with system of rice intensification (SRI) and conventional management using 

different plant spacings. Journal of Agronomy and Crop Science, 196(2), 146-159. 

https://doi.org/10.1111/j.1439-037x.2009.00406.x 

Toma, Y., & Hatano, R. (2007). Effect of crop residue C:N ratio on N2O emissions from gray 

lowland soil in Mikasa, Hokkaido, Japan. Soil Science and Plant Nutrition, 53(2), 198-

205. https://doi.org/10.1111/j.1747-0765.2007.00125.x 

United Nations Environment Program. (2018). Emissions Gap Report 2018. United Nations 

Environment Programme, Nairobi. 

United Nations Framework Concept on Climate Change. (2015). Adoption of the Paris 

Agreement. Conference of the Parties: Twenty-first session, 30 November to 11 

December 2015 (S. 1-32). Paris: Distribution Limited. 

VandenBygaart, A. J., Gregorich, E. G., & Angers, D. A. (2003). Influence of agricultural 

management on soil organic carbon: A compendium and assessment of Canadian 

studies. Canadian Journal of Soil Science, 83(4), 363-380. https://doi.org/10.4141/s03-

009 



58 
 

Vaughan, D. A. (1994). The wild relatives of rice: a genetic resources handbook. Manila: 

International Rice Research Institute. 

https://www.cabdirect.org/cabdirect/abstract/19951608810 

Veber, G., Kull, A., Villa, J. A., Maddison, M., Paal, J., Oja, T., Iturraspe, R., Pärn, J., 

Teemusk, A., & Mander, U. (2017). Greenhouse gas emissions in natural and managed 

peatlands of America: Case studies along a latitudinal gradient. 

https://doi.org/10.1016/j.ecoleng.2017.06.068  

Venterea, R. T., Burger, M., & Spokas, K. A. (2005). Nitrogen oxide and methane emissions 

under varying tillage and fertilizer management. Journal of Environmental Quality, 

34(5), 1467-1477. https://doi.org/10.2134/jeq2005.0018 

Ventura, R. E. (2014). Wetlands and Greenhouse Gas Fluxes: Causes and Effects of Climate 

Change – A Meta-Analysis. Pomona Senior Theses. Paper 107. 

https://scholarship.claremont.edu/cgi/viewcontent.cgi?article=1104&context=pomona

_theses 

Wang, C. (2010). Simultaneous Analysis of Greenhouse Gases by Gas Chromatography. 

Abgerufen am 6. November 2018 von Agilent Technologies Inc: https://www.chem-

agilent.com/pdf/5990-5129EN 

Wang, C., Lai, D. Y., Sardans, J., Wang, W., Zeng, C., & Peñuelas, J. (2017). Factors related 

with CH4 and N2O emissions from a Paddy Field: Clues for management implications. 

PLOS ONE, 12(1), e0169254. https://doi.org/10.1371/journal.pone.0169254 

Wang, Y., Wang, Y., & Ling, H. (2010). A new carrier gas type for accurate measurement of 

N2O by GC-ECD. Advances in Atmospheric Sciences, 27(6), 1322-1330. 

https://doi.org/10.1007/s00376-010-9212-2 

Wang, Z., Delaune, R. D., Lindau, C. W., & Patrick, W. H. (1992). Methane production from 

anaerobic soil amended with rice straw and nitrogen fertilizers. Fertilizer Research, 

33(2), 115-121. https://doi.org/10.1007/bf01051166 

White, J., & Reddy, K. (2001). Influence of selected inorganic electron acceptors on organic 

nitrogen mineralization in Everglades soils. Soil Science Society of America Journal, 

65(3), 941-948. https://doi.org/10.2136/sssaj2001.653941x 

Whiting, G. J., & Chanton, J. P. (2001). Greenhouse carbon balance of wetlands: Methane 

emission versus carbon sequestration. Tellus B: Chemical and Physical Meteorology, 

53(5), 521-528. https://doi.org/10.3402/tellusb.v53i5.16628 



59 
 

Wu, H. B., Guo, Z. T., & Peng, C. H. (2001). Changes in Terrestrial Carbon Storage with 

Global Climate Changes since the Last Interglacial . Quaternatry Scicences, 21(4), 366-

376. 

Xiao, Y., Xie, G., Lu, C., Ding, X., & Lu, Y. (2005). The value of gas exchange as a service 

by rice paddies in suburban Shanghai, PR China. Agriculture, Ecosystems & 

Environment, 109(3-4), 273-283. https://doi.org/10.1016/j.agee.2005.03.016 

Xi-Liu, Y., & Qing-Xian, G. (2018). Contributions of natural systems and human activity to 

greenhouse gas emissions. Advances in Climate Change Research , 9, 243-252. 

Yim, M. H., Joo, S. J., & Nakane, K. (2002). Comparison of field methods for measuring soil 

respiration: A static alkali absorption method and two dynamic closed chamber 

methods. Forest Ecology and Management, 170(1-3), 189-197. 

https://doi.org/10.1016/s0378-1127(01)00773-3 

Yoon, C. G. (2009). Wise use of Paddy rice fields to partially compensate for the loss of natural 

wetlands. Paddy and Water Environment, 7(4), 357-366. 

https://doi.org/10.1007/s10333-009-0178-6 

Zhang, L., Song, C., Zheng, X., Wang, D., & Wang, Y. (2006). Effects of nitrogen on the 

ecosystem respiration, CH4 and N2O emissions to the atmosphere from the freshwater 

marshes in Northeast China. Environmental Geology, 52(3), 529-539. 

https://doi.org/10.1007/s00254-006-0485-9 

Zhang, X., Yin, S., Li, Y., Zhuang, H., Li, C., & Liu, C. (2014). Comparison of greenhouse gas 

emissions from rice Paddy fields under different nitrogen fertilization loads in 

Chongming island, eastern China. Science of The Total Environment, 472, 381-388. 

https://doi.org/10.1016/j.scitotenv.2013.11.014 

Zhao, C., Zhao, Z., Yilihamu, Hong, Z., & Jun, L. (2011). Contribution of root and rhizosphere 

respiration of Haloxylon ammodendron to seasonal variation of soil respiration in the 

Central Asian desert. Quaternary International, 244(2), 304-309. 

https://doi.org/10.1016/j.quaint.2010.11.004 

Zhu, Z., Bergamaschi, B. A., Bernknopf, R., Clow, D., Dennis, D., Faulkner, S., . . . Zhu, Z. 

(2010). A method for assessing carbon stocks, carbon sequestration, and greenhouse-

gas fluxes in ecosystems of the United States under present conditions and future 

scenarios. Reston, VA: U.S. Geological Survey. 

 



60 
 

APPENDICES 
Appendix A: Photos showing rice paddy, experimental set up and analysis 

i) Rice plants immediately after transplanting, ii) few sampling plots, iii) Closed chambers 

ready for sampling, iv) Samples shaking in a shaker incubator, v) nitrate and ammonium 

samples ready for reading with vi) spectrophotometer with samples, vii) OC samples after 

titration, viii) TN samples during distillation.  

     

     

    

 

 

i ii iii 

iv v vi 

vii viii 
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Appendix B: Photos showing a) a crimper, b) vials fitted with a syringe, c) computerized 

gas chromatograph and a carrier gas. 

   

 

 

 

 

 

 

 

 

a b 

c 



62 
 

Appendix C: Pairwise comparison (Kruskal Wallis, P=0.05), two-sided test for the 

treatments for Nitrous oxide 

Sample 1 -sample 

2 

Test 

statistic 

Std. error Std. test 

statistic 

Sig. Adj. Sig. 

Control - under 5.825 5.166 1.127 .260 .779 

Control - standard 13.450 5.166 2.603 .009 .028 

Under - Standard -7.625 5.166 -1.476 .140 .420 
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Appendix D: Pairwise comparison (Kruskal Wallis, P= 0.05, two tailed), of temporal 

variation for CO2 and CH4. 

    CO2 Sig.     

 W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 

W1 --          

W2 .428 --         

W3 .390 .947 --        

W4 .116 .437 .477 --       

W5 .026 .150 .170 .508 --      

W6 .020 .124 .141 .447 .921 --     

W7 .000 .002 .003 .024 .109 .133 --    

W8 .000 .001 .001 .008 .047 .060 .704 --   

W9 .000 .001 .001 .008 .045 .057 .692 .987 --  

W10 .000 .000 .000 .002 .013 .017 .372 .608 .620 -- 

 

    CH4 Sig     

 W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 

W1 --          

W2 .003 --         

W3 .803 .001 --        

W4 .064 .247 .039 --       

W5 .192 .089 .128 .585 --      

W6 .209 .086 .141 552 .960 --     

W7 .019 .508 .010 .620 .298 .275 --    

W8 .155 .133 .102 .667 .908 .869 .355 --   

W9 .498 .020 .372 .241 .530 .563 .095 .457 --  

W10 .934 .003 .766 .077 .221 .241 .024 .181 .552 -- 
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Appendix E: Field sampling sheet for recording air temperature, soil temperature, air 

pressure and chamber heights for calculating area and volume. 

Site:                                         Ambient pressure:  

Date:                                       Start time:                                     End time:  

 

Quadrat 

 

                  4 point chamber height 

Chamber temperature 

T0 T10 T20 T30 

Chamber  1         

Chamber 2         

Chamber 3         

Average         

 

Observation/notes 

Weather:                                                                 

  

State of vegetation:                     

  

 

 

 

Incidents/changes/current activities in the site:     
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Appendix F: Research permit 
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