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CHAPTER ONE  

INTRODUCTION 

1.1  Background of the Problem 

Global warming (GW) and climate change are caused by the increasing concentration of 

atmospheric greenhouse gases (GHGs) triggered by human activities mainly agriculture and 

the burning of fossil fuels from the industry and transport sectors of the economy 

(Intergovernmental Panel on Climate Change [IPCC], 2013). The most important GHGs 

causing GW are carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) (Hansen et 

al., 2007; IPCC, 2013). The agriculture sector, which includes forestry and its associated land 

use types, remains the most important source of non - carbon emissions primarily CH4 and 

N2O (IPCC, 2013; Sanderman et al., 2017). Since the 19th century, there has been an 

unprecedented increase in the carbon footprint from agricultural soils (Sanderman et al., 

2017). Thus, agriculture, including forestry and other related land use systems contributes at 

least 24.8% of the total anthropogenic GHG emissions in the atmosphere (Smith et al., 2014); 

accounting for nearly 60, 40 and 35% of N2O, CH4 and CO2 emissions, respectively (IPCC, 

2014; Tubiello et al., 2015). And 0.5 Gt carbon dioxide equivalents (CO2e) yr-1 come from 

enteric fermentation and about 1.2 Gt CO2e yr-1 come directly from agricultural soils (Smith 

et al., 2014). 

Over the past decades, the increase in the atmospheric concentration of the anthropogenic 

GHG has caused an unprecedented rise in global surface temperature (IPCC, 2007b, 2013). 

During the 20th century, for example, the mean global temperature rose by 0.6 °C and is 

projected to rise to a range of 1.1 and 6.4 °C by 2099 (IPCC, 2014). The rising temperature 

have consequently increased the frequency and intensity of climate change induced disasters, 

particularly drought, prolonged dry spells, erratic precipitation, floods, salinity as well as 

incidences of pests and diseases (IPCC, 2013; Sanderman et al., 2017). These extreme 

climate change  induced events have significantly reduced agricultural production and have 

also accelerated environmental change with undeniably severe impacts on the already 

struggling biodiversity and ecosystem services (Pecl et al., 2017). The projected rise in the 

mean global temperature suggests that both the intensity and frequency of the climate change 

induced extremities will intensify; and hence cause additional negative feedbacks mainly in 
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the agriculture sector with adverse effects on food security (Tubiello et al., 2015), if no 

mitigation efforts are implemented. 

Sub Saharan Africa (SSA) is challenged by extreme poverty coupled with weak institutional 

and socioeconomic capacity and is hence one of the most vulnerable regions to climate 

change and its associated impacts (Pecl et al., 2017; Serdeczny et al., 2017). The increasing 

climate change and its impacts on agriculture mainly, dry spells, floods, and erratic 

precipitation coupled with the resurgence of pests continue to undermine farming and have 

reversed progress made towards increasing food production across SSA (Serdeczny et al., 

2017). Therefore, efforts should be made towards developing mitigation and adaptation 

mechanisms to climate change in the crop production sector in SSA countries, where a 

further decline in food production threatens the already fragile social and economic fabric 

(IPCC, 2014; Serdeczny et al., 2017). 

1.2  Statement of the Problem  

The SSA countries, Uganda in particular, are challenged by an unprecedented increase in the 

intensity and frequency of climate change induced extremes such as erratic rainfall, 

prolonged dry spells, heatwaves, salinity, droughts, and flooding (IPCC, 2014). The extreme 

climate change episodes are causing a decrease in the fertility of the soil and other related 

ecosystem services; and have significantly reduced crop production and food security 

(Barnabas, 2012). Projections of future climate change scenarios across SSA suggest a very 

high likelihood of experiencing more aggravated climate change induced extreme events 

mainly in the form of warmer air temperature, more severe heatwaves, prolonged dry spells, 

and erratic rainfall by 2050 (Doherty et al., 2010; Hulme et al., 2001) if no interventions are 

made. 

Besides being highly vulnerable to the aforesaid climate change impacts, the agriculture 

sector contributes approximately 35, 60 and 40% of the total anthropogenic load of CO2, N2O 

and CH4, respectively into the atmosphere at a global scale (IPCC, 2014; Tubiello et al., 

2015). From 1990 to 2005, for instance, N2O and CH4 fluxes from the large scale agricultural 

production increased from 4561 to 5381 million tons (Mt) CO2e (Tubiello et al., 2015); and is 

anticipated to reach 5756 MtCO2e by 2030 (Tubiello et al., 2013). This means that to limit 

GW below 2 °C increment from pre - industrial baseline according to Paris Agreement 

(Schellnhuber et al., 2016); feasible mitigation options in the agriculture sector are inevitable. 
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This is because crop production is among the leading sources of anthropogenic GHGs and 

could concurrently serve as a major GHG sink (IPCC, 2014; Paustian et al., 2016). In 

response, most SSA farmers have abandoned conventional cropping systems that solely 

depend on non - conservational cropping systems which exclusively employ inorganic agro 

inputs mainly: fertilizers to boost soil fertility, pesticides and herbicides to control pests and 

weeds, respectively (Dutta et al., 2015; Fischler et al., 1999). But instead, the farmers 

combine the conventional cropping systems with conservational agro inputs including 

organic manure to boost soil fertility and cultural management practices such as mulching for 

controlling field weeds; and this combination constitutes the dominant traditional cropping 

systems (Asten et al., 2011; Dutta et al., 2015). With the increasing climate change induced 

effects on SSA countries agriculture, traditional cropping systems could be capable of 

increasing resilience, serve to sustain yields and soil productivity over successive cropping 

seasons since the weeds and pests are often controlled below economic injury levels (Dutta et 

al., 2015).  

However, traditional cropping systems could also be responsible for the increasing intensity 

and frequency of climate change induced extremes such as drought, floods, salinity and 

erratic rainfall through amplifying atmospheric GHGs. These extreme weather events are also 

blamed for the increasing incidences and severity of field crop pests and diseases; which 

further increased vulnerability of crop production in East Africa, mostly in Uganda (Adhikari 

et al., 2015; Barnabas, 2012; Thornton et al., 2009). In East Africa and Uganda, in particular, 

there are limited studies relating small scale cropping systems to GHG emissions. 

Additionally, studies that identify tradeoffs between crop yields and GHG emission are 

lucking. 

1.3  Rationale of the Study 

The increasing GW and climate change induced impacts are adversely affecting the 

ecosystem services and agriculture production in SSA and Uganda in particular (Serdeczny et 

al., 2017; Thornton et al., 2009). Yet climate change models project a further general 

increase in frequency and magnitude of extreme climate change induced events mainly; 

drought, dry spells both erratic and torrential rains over the 21st century across SSA (IPCC, 

2014). Agricultural soils are one of the leading sources of GHG emissions (Paustian et al., 

2016); and could simultaneously serve as a major sink for GHGs (IPCC, 2014). Therefore, 

more climate smart and resilient cropping systems that enhance the soil GHG sink capacity 
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by sequestering additional soil carbon should be implemented. This could be achieved 

through switching from conventional cropping systems to traditional cropping systems; 

which employ conservation agronomic practices (Asten et al., 2011; Dutta et al., 2015). 

In Uganda, for instance, traditional cropping systems are envisaged as one of the feasible 

avenues and an important opportunity for mitigating GHG fluxes, increasing the resilience of 

the cropping systems, and sustaining production (Barnabas, 2012). This is because GHG 

fluxes from agricultural soils are amplified by ecologically damaging management practices 

which include: Extensive monocultures; deep tillage; and bush burning coupled with 

exhaustive use of inorganic inputs including; herbicides, pesticides and fertilizers (Dutta et 

al., 2015). The most important and widely practised traditional cropping systems are mono 

cropping and mixed cropping of both annual and perennial crop types. Mono cropping of 

annual crops (MAC) involves cultivation of a single annual cereal, root tuber or legume crop 

type like beans, sweet potatoes, peas, tomatoes, cabbages, and leafy vegetables, whereas 

mixed cropping of annual crops (MCA) involves cultivation of two or more annual cereals, 

root tuber and legume crops simultaneously in the same farm. Equally, mono cropping of 

perennial crops (MoCP) involves growing a single perennial crop such as banana, coffee, 

sugar, sorghum, or vanilla in pure stands; whereas mixed cropping of perennials (MCP) 

constitute cultivation of two or more perennial crops concurrently in the same farm (Fischler 

et al., 1999). Traditional cropping systems (MAC, MCA, MoCP and MCP) are preferred 

because of their exceptional capacity to optimize farmland productivity over several decades 

amidst climate change impacts. The MAC, MCA, MoCP and MCP cropping systems also 

guarantee food, nutritional, and income security for majority farmers even during poor 

harvest seasons (Asten et al., 2011; Fischler et al., 1999). 

Despite the aforementioned advantages, traditional cropping systems also alter the agro 

ecosystem by changing vegetation cover density, soil physical - chemical composition, soil 

biota, and humus; which could boost the source capacity for GHG emissions (Dutta et al., 

2015). This is because the MAC, MCA, MoCP and MCP cropping systems employ distinct 

combinations of inputs and management practices including, crop types, tillage, mulching, 

and composting from seedbed preparation, weed pest management to harvesting of yield. The 

management practices and farm inputs are simultaneously used over successive cropping 

seasons at varying quantities and frequencies (Asten et al., 2011). The interactions of these 

management practices coupled with agro ecological processes could consequently serve to 
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amplify or reduce the soil source or sink capacity for GHG fluxes. This hypothesis is based 

on the premise that different management practices affect the soil physical - chemical 

conditions and vegetation cover density capacity (Wang et al., 2013); which could 

consequently influence the soil source and sink capacity at the farm level.  

Besides the cropping systems: altitude, soil temperature (ST) and seasonal precipitation are 

so far the most important interrelated agro ecological factors influencing food production in 

most SSA countries including Uganda (Adhikari et al., 2015). For instance, temporal 

variations in the ST and seasonal precipitation are dependent on geographical location and 

elevation of a farm (Bond-Lamberty et al., 2005); and these could also possibly influence the 

soil capacity as a source or sink for GHG fluxes. Henceforth, precise GHG data informing 

how the altitude, seasonal precipitation and ST influence the magnitude of GHG fluxes from 

cropping systems and non - cropping ecosystems should be provided to inform mitigation 

options on farm.   

1.4  Research Objectives 

1.4.1  General Objective 

The main objective of this study was to investigate tradeoffs between greenhouse gas fluxes 

and crop yields from different land use systems in Wakiso District, Uganda. 

1.4.2  Specific Objectives 

The specific objectives of this study were to: 

(i) Assess soil physical - chemical properties and greenhouse gas fluxes from various 

land use systems.  

(ii) Determine the effect of cropping systems and management practices on soil 

greenhouse gas fluxes and crop yields. 

(iii) Determine the effect and relationships between soil greenhouse gas fluxes with 

daily precipitation, soil temperature and elevation range. 
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1.5  Research Questions 

The research questions of the study were: 

(i) What are the differences in the soil physical - chemical properties in the different 

land use systems?  

(ii) What is the rate of soil GHG fluxes from the different land use systems? 

(iii) Are there correlations between soil GHG fluxes and soil physical - chemical 

properties from different land use systems? 

(iv) How do cropping systems and management practices affect soil GHG fluxes? 

(v) How do cropping systems and management practices influence crop yields? 

(vi) How do daily precipitation and soil temperature influence soil GHG fluxes? 

(vii) What do soil GHG fluxes vary at different elevation ranges? 

1.6  Significance of the Study 

Despite agriculture (mainly the cropping systems and soil management) being identified as 

one of the significant sources of anthropogenic GHG emissions driving climate change 

(IPCC, 2014; Smith et al., 2014); it could play a leading mitigation role by enhancing the soil 

sink capacity for GHGs in the next decades (Tubiello et al., 2013). To achieve this, farmers 

need to shift from the conventional cropping systems that involve massive use of synthetic 

agro inputs, back to the traditional cropping systems which employ conservational agronomic 

cropping operation to sustain food production (Asten et al., 2011; Dutta et al., 2015). In 

Uganda, like most SSA countries, data to inform which of the traditional cropping systems 

and non - cropping  systems emit reduced GHG fluxes, and also better optimize soil GHG 

sink capacity at farm level is deficient (Asten et al., 2011; Kim et al., 2016; Tubiello et al., 

2013). Deficiency of GHG data associated with land use systems, particularly cropping 

systems widens the knowledge gap and consequently impedes the decision making process 

towards the selection of more appropriate climate smart cropping systems and non - cropping 

systems both at the farm and national level. This paradoxically renders both the cropping 

systems and agricultural soil ecosystems in Uganda and most SSA countries more vulnerable 

to the increasing frequency of climate change induced impacts and its associated extreme 

weather events (Adhikari et al., 2015; Kim et al., 2016; Tubiello et al., 2015).  
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This research, therefore, identified the traditional cropping systems and the non - cropping 

systems which emit reduced or minimal GHG fluxes into the atmosphere. As a climate 

change mitigation measure, the traditional cropping systems and non - cropping systems 

which better optimize the soil sink capacity for GHG were recommended for adoption in 

climate smart agricultural systems in Uganda and other SSA countries. Besides supporting 

GHG mitigation at a farm level, GHG data could be used when developing GHG inventories 

and guiding agriculture and climate change related policies. This is because deficient GHG 

data could compromise accurate estimations of soil GHGs flux from the agricultural systems 

in SSA (Adhikari et al., 2015; Kim et al., 2016); and consequently lead to misdirection of the 

very limited financial resources including GHG mitigation actions and policy interventions 

(Rosenstock et al., 2013).  

1.7  Delineation of the Study 

The study is quantitative in nature and focused on assessing the influence of the cropping 

systems and other non - cropping ecosystems on GHG fluxes in Wakiso District of Uganda. 

The study also evaluated the effect of six cropping systems and three management practices 

on GHG fluxes and crop yields. The effects of the soil physical - chemical properties, ST, 

daily precipitation, and elevation range on GHG fluxes were also assessed. The study was 

limited to the fluxes of the primary GHGs (CO2, N2O and CH4) in smallholder farms and the 

adjacent non - cropping ecosystems in only one district in Uganda. 
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mitigation options and support in the region. For instance, convincing studies on beans, 

groundnuts, coffee, banana plantations, sweet potatoes, millet, and cassava were not found, 

yet these are the major cropping systems in Uganda, and East Africa. Studies from maize 

fields were very few and it was hard to reach robust conclusions on the emission levels from 

maize fields in East Africa. 
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East Africa and Uganda in particular, since GHG emissions vary depending on weather and 

edaphic factors. 
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processing power that limits the spatial resolution of climate models. Therefore, uncertainties 

with climate change predictions are unavoidable (Katz, 2002).  

Over the last century, temperature across Africa have increased by 0.5 °C (Niang et al., 

2014). Africa is reported to be warm and dry with more spells than in the previous 100 years 

(Hulme et al., 2001, 2005). Recently, the IPCC (2014) reported that Africa observed its 

warmest period in the three decades, since history. The future projections further indicate 

rising temperature and more unreliable precipitation (IPCC, 2014; Tubiello et al., 2015). The 

IPCC assessment report (IPCC, 2001b) suggests the temperature changes of between 0.2 and 

0.5 °C per decade over the coming decades for Africa. However, the changes in the average 

rainfall in the African continent differ across climate models (Challinor et al., 2007). For 

example, Held et al. (2005) projected dryness in the Sahel region over the 21st century, while 

Kamga et al. (2005) reported heavy rains in the Sahel region over the 21st century, indicating 

a lot of uncertainties in the models. However, IPCC (2001a) projected a small (up to 20% of 

1961 - 1990 baseline values) increase in the amount of the projected precipitation by 2050 in 

most African regions. Similarly, Huntingford et al. (2005) projected small changes in the 

monthly precipitation by 2050 in West African region. However, the increase in extreme 

occurrences (floods, droughts, and heatwaves) are also projected (IPCC, 2001a; Mendelsohn 

et al., 2006). In view of the above, these changes in the mean temperature and precipitation 

are likely to cause serious consequences on the food production sector in the African 

continent. 

2.4.2  Anticipated Impacts of the Changing Climate on Crop Production in Africa 

Three scientific approaches (i.e., Agro Ecological Zone models (AEZ), Crop Simulation (CS) 

models, and cross - sectional Ricardian (CSR) models) are employed in the prediction of the 

climate change impacts on crop production in Africa (Kotir, 2011). The CS models directly 

determine the influence of climate change on a crop (Conway et al., 2007; Thornton et al., 

2009). The AEZ models take into account the degree of crop output under rainfall and 

irrigation and the impacts of  the changing climate on crop production (Fischer et al., 2002), 

while the CSR models relate the net crop revenues with climate (Kurukulasuriya et al., 2006). 

Irrespective of the method used, most studies report a negative impact of climate change on 

crop production in Africa (Table 4). 
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The crop yields could fall by 10 to 20% by 2050 in Africa due to the warm and dry 

conditions (Kotir, 2011). For example, Nelson et al. (2009) used the CSR model and 

projected a reduction in maize, rice and wheat yields by 5, 14,  and 22%, respectively by the 

end of 2050 in Africa. Smith et al. (1996) used the CS model and projected a 12% decline in 

maize yields in Zimbabwe by 2050, as the precipitation declines by 10%. Schlenker and 

Lobell (2010) used the CS model to analyse the historical crop production and weather data, 

and estimated a decline in the yields of maize, millet, sorghum, cassava, and groundnut by 

22, 17, 17, 8 and 18%, respectively by the midcentury in Africa. At an individual country 

level, in Egypt, Yates and Strzepek (1998) used the CS model and reported 51 to 5%, 25 to 

3%,  and 15 to 8% reduction in the crop yields of wheat, rice, and maize, respectively. 

Similarly, Lobell et al. (2008) anticipated a 30% decline in the rain - fed maize yields by 

2030 (relative to production in 1990) in Southern Africa. The decrease in maize yields in the 

Southern Africa region is attributed to the anticipated El Niño-Southern Oscillation (ENSO) 

conditions (Lobell et al., 2008). By using the HadCM3 model projections, Thornton et al. 

(2009) assessed the impacts of the changing climate on the yields of maize in East Africa. 

The authors reported a 20% reduction in maize yields by 2050. In their study, orthogonal 

polynomial regressions of maize yields showed decreasing yield trends in Uganda, Sudan, 

lowland regions of Kenya and Tanzania, while in the highland area of central Kenya and the 

Great Lakes Region, maize yields showed an increasing trend. Parry et al. (1999) used the CS 

and studied the impacts of the changing climate on cereals in Africa. Their results showed 

both negative and positive increase in the cereal yields from -10 to +3% (Table 4). Similarly, 

in the highlands of Ethiopia, maize production is expected to increase due to climate change 

(Jones & Thornton, 2003). Generally, the impacts of the changing climate on crop yields is 

expected to vary across the regions of Africa, with some regions experiencing yield losses, 

while others yield gains. 
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on crop yields in Africa, those cropping systems could be compromised and result in low 

food production. Besides, studies comparing GHGs and crop yields are lacking in Africa and 

Uganda in particular.  
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3.1.1  Site Characteristics at Jjimbo Village 

Farms with traditional annual cropping systems; (a) mono cropping of annual crops (MAC) 

represented by sole cropped maize, sole cropped sweet potatoes, and sole cropped beans, (b) 

mixed cropping of annual crops (MCA) represented by mixed farms of maize - bean 

intercrops were established (Appendix 1). Since perennial crops take several years to 

establish, farms with traditional perennial cropping systems i.e. (a) mixed cropping of 

perennials (MCP) represented by banana - coffee intercrops and (b) mono cropping of 

perennials (MoCP) represented by sole cropped banana plantation farms in Jjimbo Village, 

Wakiso District were randomly selected using a purposive random sampling procedure. The 

farms were selected based on management practices embedded in the traditional cropping 

systems namely; mulching with no - tilling (Mulched - NT), non - mulching with reduced - 

tillage (Non - mulched - RT), and composting with reduced - tillage (Compost - RT). The 

mulched - NT involved no - tilling and use of mulches from live biomass mainly elephant 

grass (Pennisetum purpureum) at a thickness of 5 cm. Both non - mulched - RT and compost 

- RT involved the tilling of the land by using a hand hoe to the depth of 15 cm. The compost - 

RT also involved the application of compost manure made from elephant grass and crop 

residues (mainly maize). 

For the comparative assessment of GHG fluxes from cropping and non - cropping land use 

systems, GHG fluxes from non - cropping systems (grassland, pasture and fallowed) adjacent 

to cropping systems were studied (Appendix 2). Grasslands mainly constituted of couch 

grass (Elymus repens) and paddock lovegrass (Eragrostis leptostachya), while pasture lands 

mainly consisted of couch grass and were used for sheep (Ovis aries) and goat (Capra 

aegagrus hircus) grazing (Appendix 2). Vegetation composition was the same in grasslands 

and pasture lands, but the grazing component in pasture lands was the distinguishing feature 

between these two non - cropping systems.  On the other hand, fallowed lands consisted of 

black jack (Bidens pilosa) and paddock lovegrass and were previously used for maize 

production. Fallowed lands have been under fallow for 1 year. 

3.1.2  Experimental Setup at Jjimbo Village 

The experimental setup consisted of a split plot design. In each land use system/cropping 

system, a whole plot of 35 m × 60 m was established to study the soil physical - chemical 

properties and GHG fluxes. Subplots of 10 m × 20 m were established to study the effect of 
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management practices (mulched - NT, non - mulched - RT and compost - RT) on GHG 

fluxes, in three replicates. 

3.2  Site Description and Experimental Setup at Different Elevation Ranges 

Three model farms (banana - coffee mixed crop farms) were selected based on the elevational 

differences (Fig. 2). These farms were established in 2011 by Makerere University, School of 

Agriculture, at varying elevations, to determine the influence of elevation on crop yields. 

Farm C was established at an elevation range of 900 - 1000 m. a.s.l, farm B was established 

between 1100 and 1200 m. a.s.l, while farm A was established between 1200 and 1340 m. 

a.s.l. The soils in the study sites were sandy clay loam: 52.5% sandy, 35.3% clay, pH (CaCl2) 

= 5.9 at farm A; 52.0% sandy, 34.9% clay, pH (CaCl2) = 5.4 at farm B; and 52.1% sandy, 

35.0% clay, pH (CaCl2) = 5.0 at farm C. The soils were classified as Lixic Ferralsols by Food 

and Agriculture Organization (FAO, 1998). The farms were tilled once a year and mulches 

from live biomass (elephant grass and crop residues, mainly common beans) at a thickness of 

3 - 5 cm were used. The mulches suppressed weeds and provided manure since synthetic 

fertilizers were not applied. 

 
Figure 2:  Map showing the study sites (banana - coffee mixed crop farms) at different 

elevation ranges in Wakiso District, central Uganda 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1  Precipitation and Temperature of the Study Sites 

4.1.1  Daily Precipitation and Ambient Temperature at Jjimbo Study Site  

Figure 4 presents the weather conditions during the collection of GHG flux samples in Jjimbo 

Village. During GHGs sampling period, the precipitation episodes were erratic with three 

distinct seasonal precipitation incidences shadowed by short dry spells. The current results 

were similar to the finding of Okonya and Kroschel (2013) and Hepworth and Goulden 

(2008) who reported numerous dry spells during the wet season in Wakiso District. Since 

Wakiso District is located in the Inter Tropical Convergence Zone (ITCZ) belt, higher 

variability in precipitation is expected as the belt changes locations (Kisembe et al., 2019; 

Maidment et al., 2013; Stampone et al., 2011). The daily ambient temperature ranged 

between 18 °C and 28 °C (Fig. 4), which was similar to findings of Uganda Bureau of 

Statistics (UBOS, 2018) in Wakiso District.  

 

Figure 4:  Variations in daily rainfall and ambient temperature from 1st March to 15th 
July 2018 in Jjimbo Village, Wakiso District, Uganda 
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Figure 5:  Temporal and spatial variations in daily precipitation and soil temperature 
from banana - coffee farms at different elevation ranges (1200 - 1340 m (a) 
1100 - 1200 m (b) and 900 - 1000 m(c)) from March to June 2018, in Wakiso 
District, Uganda 

4.2  Physical - Chemical Characterization of Soils 

4.2.1  Physical - Chemical Characterization of Soil in the Different Land Use Systems  

The results of soil physical - chemical properties observed in the different land use systems 

are presented in Table 5. The soils from land use systems were both acidic and alkaline with 

pH values ranging from 4.0 to 7.6. The soil pH significantly (p < 0.05, F = 52) varied among 

the land use systems. The pH of the soils from banana - coffee intercrops (4.0 ± 0.1), sole 

cropped banana (4.2 ± 0.1), sole cropped maize (5.0 ± 0.1), maize - beans intercrops (6.4 ± 

0.2), grasslands (4.1 ± 0.2) and fallowed lands (6.5 ± 0.1) were acidic. While, pH of the soils 

from sole cropped sweet potatoes (6.8 ± 0.2), sole cropped beans (6.9 ± 0.2), and pasture 

(a) (b) 

(c) 



   

48 
 

lands (7.6 ± 0.1) were alkaline. The differences in soil pH values within the land use systems 

could be primarily attributable to SMC conditions. For example, Zárate-Valdez et al. (2006) 

noted that the increase in SMC significantly increases soil pH values. This is evident in sole 

cropped sweet potatoes and sole cropped beans (cover crops) which retained more SMC than 

sole cropped banana and sole cropped maize (non - cover crops), which resulted in higher pH 

values in the former than the latter. 

The OC content significantly (p < 0.05, F = 71) varied among soils from the land use systems 

(Table 5). The highest mean OC was observed in maize - bean intercrops (5.9 ± 0.2%), 

followed by pasture lands (5.5 ± 0.1%), fallowed lands (5.1 ± 0.2%), sole cropped beans (4.5 

± 0.1%), sole cropped maize (4.1 ± 0.1%), banana - coffee intercrops (2.8 ± 0.2%), sole 

cropped sweet potatoes (3.1 ± 0.1%), grasslands (2.8 ± 0.2%), and sole cropped banana (1.6 ± 

0.2%). There was a significant (p > 0.05) difference between the OC in the soils from banana 

- coffee intercrops (2.8 ± 0.3%) and sole cropped banana (1.6 ± 0.2%). Similarly, the OC 

significantly (p < 0.05) differed in the soils from maize - bean intercrops (5.9 ± 0.2%) and 

sole cropped maize (4.1 ± 0.1%). The variations in OC content could be attributed to the 

amount of leaf litter from crops to soil surface (Cheng et al., 2013; Novara et al., 2015). 

Vegetation types produce different amounts and types of leaf litter which significantly affect 

the amount of OC at that particular location and time (Vanden-Bygaart, 2006). Therefore, the 

litter from coffee trees in banana - coffee intercrops could have resulted in the higher OC in 

banana - coffee intercrops than in sole cropped banana. Similarly, the litter from beans in 

maize - beans intercrops could have increased the amount of OC in maize - bean intercrops 

than in sole cropped maize. Additionally, competition due to intercropping could have 

supported good root development for both banana and coffee trees, and improved the 

availability of OC in the topsoil, because of the large biomass turnover (Wairegi et al., 2016). 

The N content significantly (p < 0.05, F = 124) varied among the land use systems (Table 5). 

The mean N content was highest in soils from pasture land (0.7 ± 0.2%), followed by the 

soils from maize - bean intercrops (0.6 ± 0.2%), and sole cropped beans (0.6 ± 0.1%). While, 

the lowest mean N content was observed in the soils from banana - coffee intercrops (0.3 ± 

0.1%), sole cropped banana (0.3 ± 0.2%), and grasslands (0.3 ± 0.1%) (Table 5). The higher 

N content in maize - bean intercrops and sole cropped beans systems could be attributed to 

the leguminous beans which could have fixed more N into the soil (Peoples et al., 2009; 

Peoples & Herridge, 1990). Seneviratne (2000) also reported that leaf litter can increase the 
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conditions and physical - chemical properties both in space and time. For example, Novara et 

al. (2012) reported that soil physical - chemical properties can alter the ecosystem 

composition and affect its source and sink capacity for soil GHG fluxes.  

The climate variables also affect biogeochemical processes, which are important in the 

carbon and N cycles that influence the production of soil GHG fluxes (Dalal & Allen, 2008). 

The differences in the amount of precipitation and ST could have resulted in the variations in 

the daily soil GHG fluxes. The SM changes through precipitation variability is an important 

factor limiting microbial biomass and activity in soils (Liu et al., 2015), hence affecting soil 

GHG fluxes (Savage et al., 2014). The precipitation amount and intensity per event differed 

significantly (p < 0.05, t = 102) and this is likely to be one of the major reasons for temporal 

differences in soil GHG fluxes. Scott-Denton et al. (2006) reported that the quantity of CO2 

fluxes from agricultural soils is dependent on moisture and temperature. Hence, the short - 

term fluctuations in precipitation and ST in space and time in the days of sampling could 

have caused differences in the microbial decomposition of the SOM (Wan et al., 2007) and 

thereby influenced the temporal trend of soil GHG fluxes.  

 
Figure 6:  Temporal variations in carbon dioxide (A), nitrous oxide (B), and methane 

(C) fluxes from different land use systems (March to June 2018) at Jjimbo 
Village in Wakiso District, Uganda. SP: sole cropped sweet potatoes; MB: 
maize - bean intercrops; M: sole cropped maize; Be: sole cropped beans; B: 
sole cropped banana; BC: banana - coffee intercrops; PL: pasture lands; FL: 
fallowed lands; GL: grasslands  

4.4  Correlations between Greenhouse Gas Fluxes and Soil Physical - Chemical 

Properties 

Table 8 shows Pearson correlations between soil physical - chemical properties and soil GHG 

fluxes from the different land use systems. There were positive and significant correlations 
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findings of Tsubo et al. (2003) in South Africa, Adeniyan et al. (2007) in Nigeria, and 

Silwana and Lucas (2002) in South Africa who observed higher yield in intercropped systems 

than in sole cropped systems. The higher yield of beans in maize - bean intercrops than in 

sole cropped beans could be attributed to the resourceful utilization of resources such as 

water and nutrients by combined crops compared with individual sole crops (Liu et al., 2006; 

Vandermeer, 1992). The combination of crops can increase land productivity and reduce 

nutrient losses (Rigueiro-Rodrígues et al., 2009); which could significantly increase crop 

yields in intercropped systems than in sole cropped systems. For example, intercropping of 

cereals with legumes have proven to increase phosphorous uptake (Mei et al., 2012; Sultani 

et al., 2007) and considerably boost N acquisition compared to sole cropped systems (Li et 

al., 2001). Meanwhile, Hu et al. (2016) and Hu et al. (2015) also reported a reduction in CO2 

flux under wheat - maize intercrops compared to sole cropped systems. Shen et al. (2018) and 

Ashworth et al. (2015) observed a reduction in N2O flux from maize - soybean intercrops 

over sole cropped systems which is in agreement with the current findings. The interactions 

between cereals with legumes result in the reduction of nitrate concentrations and boosts 

water absorption (Gaillard et al., 2016); hence removing the substrate that promote the 

denitrification process (Mahmood et al., 2005). In the current study, CH4 uptake was 89% 

explained by SMC. Therefore, the reduction in CH4 uptake in maize - bean intercrops could 

be attributed to higher moisture content in maize - bean intercrops than sole cropped beans; 

which caused anaerobic conditions that favoured CH4 production. 
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variations in maize yield from sole cropped maize and intercropped maize. Meanwhile, Pappa 

et al. (2011) also observed large N2O flux from intercropped systems with legume species. 

The increasing N2O in intercrops with legumes could be attributed to the larger N amounts 

from biological fixation by leguminous plants (Baggs et al., 2000; Chikowo et al., 2004). A 

study in a wheat - maize intercropped system by Yin et al. (2017) also showed a reduction in 

CO2 flux  by 18.2% in wheat - maize intercrops relative to sole cropped maize. In the current 

study, the increasing CO2 flux from sole cropped systems was largely dependent on the 

higher ST coupled with the rapid building up of dry matter. The reduced CH4 uptake was 

primarily caused by the increased precipitation events, which continuously led to flooding, 

resulting in anaerobic conditions. For example, sole cropped beans and maize - bean 

intercrops were the leading sources of CH4 flux due to the retained SM because of the cover 

crops (beans). 

 

Figure 9:  Variations in methane flux and crop yields in cropping systems with 
different management practices during a wet season (March to July 2018) in 
Wakiso District, Uganda  
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4.6  Effect and Relationship between Daily Precipitation and Soil Greenhouse Gas 

Fluxes 

The daily precipitation significantly (p < 0.05, F = 235.52) influenced soil CO2 flux (Table 9). 

Figure 10 shows the correlation between daily precipitation and soil GHG fluxes at the different 

elevation ranges (1200 - 1340 m; 1100 - 1200 m; and 900 - 1000 m). Varying patterns of changes 

over time in soil CO2, N2O and CH4 fluxes were observed at the elevation ranges in response to 

increasing daily precipitation (Fig. 10). Strong and significant (p < 0.05) relationships were 

observed between soil CO2 flux with daily precipitation with Adj. R2 of 0.84, 0.77 and 0.80, 

at 1200 - 1340 m (farm A), 1100 - 1200 m (farm B) and 900 - 1000 m (farm C), respectively 

(Fig. 10 A). The current observations are in good accord with results from literature, which 

reported increasing soil CO2 flux with increasing precipitation (IPCC, 2013; Schaufler et al., 

2010). The precipitation increases SMC, which instantaneously influences the soil microbes, 

soil pH, BD and soil pore space (Li et al., 2018; Unger et al., 2010), hence releasing GHGs. 

The increase in the soil microbial activities enhances soil respiration and aeration, which tend 

to physically boost the production of CO2 (Liu et al., 2019; Unger et al., 2010) and N2O  (Pang 

et al., 2019). The onset of precipitation also directly influences the soil microbes (Curiel -Yuste 

et al., 2017), by reducing water limitations to the soil microbes and, hence, increasing their 

respiration and releasing oxidized soil carbon in form of CO2 (Huang et al., 2015). Högberg et 

al. (2001) further explained that the increasing precipitation tends to increase soil respiration 

indirectly by increasing plant photosynthesis, causing further physical changes in micro soil 

environment. Smith et al. (2017) attributed the increase in soil CO2 flux during precipitation 

to disturbance of  soil aggregate structures, which increase substrate supplies and facilitate 

oxidation of soil carbon and CO2 release. This mechanism could further be explained by the 

fact that the increase in SMC after precipitation indirectly affected ST and respiration of the 

temperature sensitive microbes (McCulley et al., 2007). 

Soil N2O flux was significantly (p < 0.05, F = 201.03) affected by the increasing daily 

precipitation (Table 9). Soil N2O flux strongly correlated with daily precipitation with Adj. 

R2 = 0.81, 0.90, and 0.91, at 1200 - 1340 m (farm A), 1100 - 1200 m (farm B) and 900 - 1000 

m (farm C), respectively (Fig. 10 B). The current results are in line with findings of Dick et 

al. (2006), Rees et al. (2006), Rosenstock et al. (2016) and Huxman et al. (2004) who 

observed increasing N2O with precipitation. The increase in precipitation - induced SM could 

have been a crucial factor regulating the partitioning of soil N2O flux between denitrification 
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and nitrification sources (Li et al., 2016; Morse & Bernhardt, 2013). The rewetting of the soil 

after a dry season could have increased the microbial community and activities, which led to 

the rapid consumption of the accumulated mineral N and organic substrates and accelerated 

the release of soil N2O flux (Liu et al., 2014a). Additionally, the increasing precipitation may 

stimulate soil N2O flux from denitrification by increasing soil N and C availability (Chen et 

al., 2013), whereas a reduction in precipitation stimulates soil aeration, resulting in 

unfavorable conditions for soil N2O flux production by denitrification process (Homyak et 

al., 2017). Similarly, the decreasing precipitation may affect nitrifiers by reducing their 

growth rate, hence leading to reduced soil N2O flux (Wu et al., 2017). 

Similarly, daily precipitation significantly (p < 0.05, F = 115.08) affected soil CH4 flux 

(Table 9). Soil CH4 flux positively associated with daily precipitation with Adj. R2 of 0.70, 

0.70, and 0.58, at 1200 - 1340 m (farm A), 1100 - 1200 m (farm B), and 900 - 1000 m (farm 

C), respectively (Fig. 10 C). However, both negative and positive soil CH4 fluxes were 

observed. Other studies in agricultural soils (David, 2007), assessed CH4 flux in no - till 

cropping systems of grass and legume cover crops and non - manured agricultural sites, 

respectively, and observed both negative and positive soil CH4 flux, as well. Topp and Pattey 

(1997), also observed soil CH4 production from an agroforestry system during a rainy season. 

The release of CH4 flux from the soil could be linked to increase in SMC after a precipitation 

event (MacCarthy et al., 2018). The presence of both methanogens and methanotrophs in any 

terrestrial ecosystems depends on SMC (Brye et al., 2002; Rhoades et al., 2000) and they can 

simultaneously be active in the same ecosystem (Topp & Pattey, 1997). Flooding events were 

frequent in the studied areas during the wet season, and this could have caused the positive 

soil CH4 flux. One of the leading mechanisms behind the increased soil CH4 flux is 

decreasing O2 diffusion (Levy et al., 2012). The flooding episodes could have led to poorly 

drained soils, resulting in CH4 production (Carvalho et al., 2009). As reported by Kweku et 

al. (2018), soil CH4 flux from a flooded ecosystem can be a product of CH4 production, 

consumption, and transport within soils and water. This is because the production and 

consumption of CH4 in soils is influenced by the position of the water table and O2 status 

(Gregorich et al., 2005). The rise in the water table tends to create anaerobic conditions, 

leading to CH4 production by methanogens (Levy et al., 2012). 



   

67 
 

 

 
Figure 10:  Correlations between daily precipitation and greenhouse gas fluxes during 

wet season (March to July 2018) from banana - coffee Farms located at 
different elevation ranges (1200 - 1340 m, 1100 - 1200 m and 900 - 1000 m), 
Wakiso District, Uganda. The data plotted are the grand means for each 
sampling day 

4.7  Effect and Relationship between Soil Temperature and Soil Greenhouse Gas 

Fluxes 

The ST significantly (p < 0.05, F = 142.26) influenced soil CO2 flux (Table 9).  During the 

sampling period, soil GHG fluxes showed increasing trends, with small fluctuation in ST (Fig. 

11). Similarly, there were strong relationships between soil CO2 flux and ST at the different 

elevation ranges with Adj. R2 of 0.93, 0.91 and 0.89, at 1200 - 1340 m (farm A), 1100 - 1200 

m (farm B) and 900 - 1000 m (farm C), respectively (Fig. 11 A). The current results are 

consistent with findings of Zhou et al. (2006), who observed a 13% increase in CO2 

emissions for every 2 °C rise in ST. The increase in ST could have caused increased 

microbial activities and hence, accelerated the production of CO2 from soil (Shi et al., 2012). 

The increase in ST affects soil respiration, leading to an increase in soil CO2 flux (Ahmad et 

A B C 
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Figure 11:  Correlations between soil temperature and greenhouse gas fluxes during wet 

season (March to July 2018) from banana - coffee farms located at different 
elevation ranges (1200 - 1340 m; 1100 - 1200 m; and 900 - 1000 m), Wakiso 
District, Uganda. The data plotted are the grand means for each sampling 
day 

Correspondingly, the combined effect of ST and daily precipitation significantly (p < 0.05) 

affected soil CO2 (F = 4.521) and N2O (F = 5.610) fluxes (Table 9). However, the influence 

of the combined effect on soil GHG fluxes was less than that of the single effect. The current 

results are in line with findings of Sjögersten et al. (2018), who studied CO2 and CH4 fluxes 

in the tropical peatlands and observed that the interaction of moisture and temperature 

significantly influenced both soil CO2 and CH4 fluxes. Similarly, Smith et al. (2017) reported 

that the interactions of drought and wetting of soil significantly influenced CO2 and CH4 

emissions. However, the influence of the combined effect on soil GHG fluxes was less than 

that of the single effect, which contrasted with findings of Smith et al. (2017). Harper et al. 

(2005) concluded that ST stimulates soil respiration in moderately wet soils relative to dry 

soils. Moreover, when both temperature and moisture are not at their extremes, the two 

factors interactively influence soil respiration (2006), leading to increased soil GHG fluxes. 

A B C 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1  Conclusion 

In this study, soil GHG fluxes and soil physical - chemical properties from various land use 

systems were assessed. The effects of cropping systems and management practices on soil 

GHG fluxes and crop yields were evaluated. The relationships between soil GHG fluxes and 

daily precipitation, ST and elevation range were also determined. Results showed significant 

variations in the soil physical - chemical properties from the different land use systems and 

crop yields. Land use systems and management practices significantly influenced soil GHG 

fluxes. The highest mean CO2 flux was observed in sole cropped sweet potatoes under non - 

mulched - DT, while the lowest was from grasslands. Sole cropped beans under non - 

mulched - RT and banana - coffee intercrops under compost - RT produced the highest and 

the lowest mean N2O flux, respectively, while CH4 uptake was highest in banana - coffee 

intercrops under mulched - NT and lowest in sole cropped sweet potatoes under mulched - 

NT. Banana - coffee intercrops increased banana yield, reduced soil CO2 and N2O fluxes, and 

increased CH4 uptake. Maize - bean intercrops increased bean yield and reduced maize yield. 

Soil CO2 and N2O fluxes were greatly reduced in maize - bean intercrops than in sole cropped 

beans, while soil CH4 uptake reduced in maize - bean intercrops over sole cropped beans. 

Nevertheless, maize - bean intercrops increased soil N2O flux, but reduced CO2 flux and CH4 

uptake compared to sole cropped maize. 

Both daily precipitation and ST positively correlated with soil GHG fluxes. Overall, the 

current findings highlight that both daily precipitation and the ST are key weather factors 

driving soil GHG fluxes at both spatial and temporal scales. The daily precipitation had 

stronger impacts on soil GHG fluxes than ST. This indicates that daily precipitation played a 

dominant role in regulating the level of GHG exchange between the land use systems and the 

atmosphere. The elevation range significantly influenced soil GHG fluxes. The highest and 

lowest mean soil CO2 flux was observed at 1200 - 1340 and 900 - 1000 m, respectively. The 

mean soil N2O flux was highest at 1200 - 1340 m and lowest at 900 - 1000 m. Similarly, the 

mean soil CH4 flux was highest at 1200 - 1340 m and lowest at 900 - 1000 m. These results 

are vital in understanding soil GHG fluxes and crop yields from traditional cropping systems 

and or non - cropping systems in Uganda and serve to inform decision making towards GHG 









   

76 
 

REFERENCES 

Adeniyan, O. N., Akande, S. R., Balogun, M. O., & Saka, J. O. (2007). Evaluation of crop 

yield of African yam bean, maize and kenaf under intercropping systems. America-

Eurasian Journal of Agriculture and Environment Science, 2(1), 99-102.  

Adhikari, U., Nejadhashemi, A. P., & Woznicki, S. A. (2015). Climate change and eastern 

Africa: A review of the impact on major crops. Food and Energy Security, 4(2), 110-

132. https://doi.org/10.1002/fes3.61  

Ahmad, W., Singh, B., Dijkstra, F. A., Dalal, R. C., & Geelan-Small, P. (2014). Temperature 

sensitivity and carbon release in an acidic soil amended with lime and mulch. 

Geoderma, 214, 168-176. https://doi.org/10.1016/j.geoderma.2013.09.014  

Akinnifesi, F., Makumba, W., & Kwesiga, F. (2006). Sustainable maize production using 

gliricidia/maize intercropping in southern Malawi. Experimental Agriculture, 42(4), 

441-457.  

Andersson, M., Michelsen, A., Jensen, M., & Kjøller, A. (2004). Tropical savannah 

woodland: Effects of experimental fire on soil microorganisms and soil emissions of 

carbon dioxide. Soil Biology and Biochemistry, 36(5), 849-858. 

https://doi.org/10.1016/j.soilbio.2004.01.015  

Arah, J. R. M., Smith, K. A., Crichton, I. J., & Li, H. S. (1991). Nitrous oxide production and 

denitrification in Scottish arable soils. Journal of Soil Science, 42(3), 351-367. 

https://doi.org/10.1111/j.1365-2389.1991.tb00414.x  

Arnold, C. D., & Elliot, W. J. (1996). CLIGEN weather generator predictions of seasonal wet 

and dry spells in Uganda. Transactions of the American Society of Agricultural and 

Biological Engineers, 39(3), 969-972. https://doi.org/10.13031/2013.27583  

Arnold, S. L., Parkin, T. B., Doran, J. W., Eghball, B., & Mosier, A. R. (2001). Automated 

gas sampling system for laboratory analysis of CH4 and N2O. Communications in Soil 

Science and Plant Analysis, 32(17-18), 2795-2807. https://doi.org/10.1081/css-

120000962  















   

83 
 

Dobbie, K. E., & Smith, K. A. (2001). The effects of temperature, waterfilled pore space and 

land use on N2O emissions from an imperfectly drained gleysol. European Journal of 

Soil Science, 52(4), 667-673. https://doi.org/10.1046/j.1365-2389.2001.00395.x  

Doherty, R. M., Sitch, S., Smith, B., Lewis, S. L., & Thornton, P. K. (2010). Implications of 

future climate and atmospheric CO2 content for regional biogeochemistry, 

biogeography and ecosystem services across East Africa. Global Change Biology, 

16(2), 617-640. https://doi.org/10.1111/j.1365-2486.2009.01997.x  

Donelan, M. A., & Drennan, W. M. (1995). Direct field measurements of the flux of carbon 

dioxide. In B. Jähne & E. C. Monahan (Eds.), Air-water gas transfer. Aeon-

Verlag:Hanau.  

Dong, Y., Zhang, S., Qi, Y., Chen, Z., & Geng, Y. (2000). Fluxes of CO2, N2O and CH4 from 

a typical temperate grassland in Inner Mongolia and its daily variation. Chinese 

Science Bulletin, 45(17), 1590-1594. https://doi.org/10.1007/bf02886219  

Dutta, T., Stehouwer, R. C., & Dell, C. J. (2015). Linking organic carbon, water content, and 

nitrous oxide emission in a reclaimed coal mine soil. Land Degradation and 

Development, 26, 620-628. https://doi.org/10.1002/ldr.2333  

Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A., Karl, T. R., & Mearns, L. O. 

(2000). Climate extremes: Observations, modeling, and impacts. Science, 289(5487), 

2068-2074. https://doi.org/10.1126/science.289.5487.2068  

Eggleton, T. (2013). A short introduction to climate change. Cambridge University Press, 

Cambridge. https://doi.org/10.1017/CBO9781139524353  

Engelbrecht, J., Adegoke, J., Bopape, M. J., Naidoo, M., Garland, R., Thatcher, M., 

McGregor, J., Katzfey, J., Werner, M., & Ichoku, C. (2015). Projections of rapidly 

rising surface temperatures over Africa under low mitigation. Environmental 

Research Letters, 10(8), 1-16.  

Etheridge, D. M., Steele, L. P., Langenfelds, R. L., Francey, R. J., Barnola, J. M., & Morgan, 

V. I. (1996). Natural and anthropogenic changes in atmospheric CO2 over the last 

1000 years from air in Antarctic ice and firn. Journal of Geophysical Research, 

101(D2), 4115-4128. https://doi.org/10.1029/95JD03410  



   

84 
 

Fatumah, N., Munishi, L. K., & Ndakidemi, P. A. (2019). Variations in greenhouse gas fluxes 

in response to short-term changes in weather variables at three elevation ranges, 

Wakiso District, Uganda. Atmosphere, 10(11), 1-17. https://doi.org/10.3390/ 

atmos10110708  

Fischer, G., Shah, M., & van Velthuizen, H. (2002). Climate change and agricultural 

vulnerability. IIASA Publications Department: Vienna, Austria. 

https://www.researchgate.net/publication/265190876_Climate_Change_and_Agricult

ural_Vulnerability  

Fischler, M., Wortmann, C. S., & Feil, B. (1999). Crotalaria (C. ochroleuca G. Don.) as a 

green manure in maize-bean cropping systems in Uganda. Field Crops Research, 

61(2), 97-107. https://doi.org/10.1016/S0378-4290(98)00150-6  

Flechard, C. R., Neftel, A., Jocher, M., Ammann, C., & Fuhrer, J. (2005). Bi-directional 

soil/atmosphere N2O exchange over two mown grassland systems with contrasting 

management practices. Global Change Biology, 11(12), 2114-2127. https://doi.org/10. 

1111/j.1365-2486.2005.01056.x  

Flynn, H. C., Canals, L. M., Keller, E., King, H., Sim, S., Hastings, A., Wang, S., & Smith, P. 

(2012). Quantifying global greenhouse gas emissions from land-use change for crop 

production. Global Change Biology, 18(5), 1622-1635. https://doi.org/10.1111/j. 

1365-2486.2011.02618.x.  

Food and Agriculture Organization. (1998). World Reference Base for Soil Resources. World 

Soil Resources Reports (NO. 84). http://www.fao.org/3/w8594e/w8594e00. htm.  

Forster, P. V., Ramaswamy, P., Artaxo, T., Berntsen, R., Betts, D. W., Fahey, J., Haywood, 

J., Lean, D. C., Lowe, G., & Myhre, J. (2007). Changes in atmospheric constituents 

and in radiative forcing. In S. Solomon, D. Qin, M. Manning, Z. Chen, Marquis M, K. 

B. Averyt, M. Tignor, & H. L. Miller (Eds.), Climate Change 2007: The Physical 

Science Basis. Contribution of Working Group I to the Fourth Assessment Report of 

the Intergovernmental Panel on Climate Change. Cambridge University Press, 

Cambridge. http://inis.iaea.org/search/search.aspx?orig_q=RN:39002468  



   

85 
 

Franek, A. (2012). Managing water under uncertainty and risk: The united nations world 

water development report (No. 4). UN-Water. https://issuu.com/christina 

dianparmionova/docs/wwdr4_volume_1-managing_water_under_uncertainty_an  

Frimpong, K. A., Yawson, D. O., Agyarko, K., & Baggs, E. M. (2012). NO2 emission and 

mineral N release in a tropical acrisol incorporated with mixed cowpea and maize 

residues. Agronomy, 2(3), 167-186. https://doi.org/10.3390/agronomy2030167  

Gaillard, R., Duval, B. D., Osterholz, W. R., & Kucharik, C. J. (2016). Simulated effects of 

soil texture on nitrous oxide emission factors from corn and soybean agroecosystems 

in Wisconsin. Journal of Environmental Quality, 45(5), 1540-1548. https://doi.org/10. 

2134/jeq2016.03.0112  

Galloway, J. N., Leach, A. M., Bleeker, A., & Erisman, J. W. (2013). A chronology of human 

understanding of the nitrogen cycle. Philosophical Transactions of the Royal Society 

B: Biological Sciences, 368(1621), 1-11. https://doi.org/10.1098/rstb.2013.0120  

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  

Gbetibouo, G. A., & Hassan, R. M. (2005). Measuring the economic impact of climate 

change on major South African field crops: A Ricardian approach. Global and 

Planetary Change, 47(2-4), 143-152.  

Gibbs, H. K., Ruesch, A. S., Achard, F., Clayton, M. K., Holmgren, P., Ramankutty, N., & 

Foley, J. A. (2010). Tropical forests were the primary sources of new agricultural land 

in the 1980s and 1990s. Proceedings of the National Academy of Sciences, 107, 

16732-16737. https://doi.org/10.1073/pnas.0910275107  

Giller, K. E., Cadisch, G., Ehaliotis, C., Adams, E., Sakala, W. D., & Mafongoya, P. L. 

(1997). Building soil nitrogen capital in Africa. In J. R. Buresh, A. P. Sanchez, & F. 

Calhoun (Eds.), Replenishing soil fertility in Africa. American Society of Agronomy. 

https://doi.org/10.2136/sssaspecpub51.c7  



   

86 
 

Giovannelli, D., Black, B. A., Cox, A. D., & Sheik, C. S. (2017). Editorial: Deep carbon in 

earth: Early career scientist contributions to the deep carbon observatory. Frontiers in 

Earth Science, 5(89), 45-59. https://doi.org/10.3389/feart.2017.00089  

Gondwe, M. J., & Masamba, W. R. L. (2014). Spatial and temporal dynamics of diffusive 

methane emissions in the Okavango Delta, northern Botswana, Africa. Wetlands 

Ecology and Management, 22(1), 63-78. https://doi.org/10.1007/s11273-013-9323-5  

Granli, T., & Bøckman, O. C. (1994). Nitrous oxide from agriculture. Norwegian Journal of 

Agricultural Sciences, 12, 7-127.  

Gregorich, E. G., Rochette, P., Vandenbygaart, A. J., & Angers, D. A. (2005). Greenhouse 

gas contributions of agricultural soils and potential mitigation practices in Eastern 

Canada. Soil and Tillage Research, 83(1), 53-72. https://doi.org/10.1016/j.still. 

2005.02.009  

Griffis, T. J., Chen, Z., Baker, J. M., Wood, J. D., Millet, D. B., Lee, X., Venterea, R. T., & 

Turner, P. A. (2017). Nitrous oxide emissions are enhanced in a warmer and wetter 

world. Proceedings of the National Academy of Sciences, 114(45), 12081-12085. 

https://doi.org/10.1073/pnas.1704552114  

Gu, J., Zheng, X., & Zhang, W. (2009). Background nitrous oxide emissions from croplands 

in China in the year 2000. Plant and Soil, 320, 307-320. https://doi.org/10.1007 

/s11104-009-9896-1  

Gütlein, A., Gerschlauer, F., Kikoti, I., & Kiese, R. (2018). Impacts of climate and land use 

on N2O and CH4 fluxes from tropical ecosystems in the Mt. Kilimanjaro region, 

Tanzania. Global Change Biology, 24(3), 1239-1255. https://doi.org/10.1111/gcb. 

13944  

Hansen, J., Kharecha, P., Sato, M., Masson-Delmotte, V., Ackerman, F., Beerling, D. J., 

Hearty, P. J., Hoegh-Guldberg, O., Hsu, S. L., Parmesan, C., Rockstrom, J., Rohling, 

E. J., Sachs, J., Smith, P., Steffen, K., Van Susteren, L., von Schuckmann, K., & 

Zachos, J. C. (2013). Assessing dangerous climate change: Required reduction of 

carbon emissions to protect young people, future generations and nature. PloS One, 

8(12), e81648. https://doi.org/10.1371/journal.pone.0081648  







   

89 
 

Huntingford, C., Hugo L. F., Gash, J. H. C., Taylor, C. M., & Challinor, A. J. (2005). Aspects 

of climate change prediction relevant to crop productivity. Philosophical Transactions 

of the Royal Society B: Biological Sciences, 360(1463), 1999-2009. https://doi.org/10. 

1098/rstb.2005.1748  

Hutchinson, G., & Livingston, G. (2001). Vents and seals in non - steady - state chambers 

used for measuring gas exchange between soil and the atmosphere. European Journal 

of Soil Science, 52(4), 675-682. https://doi.org/10.1046/j.1365-2389.2001.00415.x  

Huxman, T. E., Snyder, K. A., Tissue, D., Leffler, A. J., Ogle, K., Pockman, W. T., 

Sandquist, D. R., Potts, D. L., & Schwinning, S. (2004). Precipitation pulses and 

carbon fluxes in semiarid and arid ecosystems. Oecologia, 141, 254-268. 

https://doi.org/10.1007/ s00442-004-1682-4  

Inglett, K. S., Inglett, P. W., Reddy, K. R., & Osborne, T. Z. (2012). Temperature sensitivity 

of greenhouse gas production in wetland soils of different vegetation. 

Biogeochemistry, 108, 77-90. https://doi.org/10.1007/s10533-011-9573-3  

Intergovernmental Panel on Climate Change. (2013). Climate change 2013: The physical 

science basis. 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 (Eds.), Contribution of 

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 

Climate Change. Cambridge University Press, Cambridge, United Kingdom and New 

York, NY, USA. https://www.ipcc.ch/report/ar5/wg1/  

IPCC. (2001a). Climate change 2001: Impacts, adaptation, and vulnerability. In J.J. 

McCarthy, O. F. Canziani, N. A. Leary, D. J. Dokken, & K. S. White (Eds.), 

Contribution of working group II to the third assessment report of the 

intergovernmental panel on climate change. Cambridge University Press, Cambridge. 

https://www.ipcc.ch/site/assets/uploads/2018/03/WGII_TAR_full_report-2.pdf  



   

90 
 

IPCC. (2001b). Climate change 2001: The scientific basis. In J. T. Houghton, Y. Ding, D. J. 

Griggs, M. Noguer, P. J. van der Linden, X. Dai, K. Maskell, & C. A. Johnson (Eds.), 

Contribution of Working Group I to the Third Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, 

Cambridge. https://www.ipcc.ch/site/assets/uploads/2018/03/WGI TAR_full report. 

pdf  

IPCC. (2007a). Climate change 2007: Synthesis report. In R. K. Pachauri & A. Reisinger 

(Eds.), Contribution of working groups I, II and III to the fourth assessment report of 

the intergovernmental panel on climate change. IPCC, Geneva, Switzerland. 

https://www.ipcc.ch/report/ar4/syr/  

IPCC. (2007b). Climate change 2007: The physical science basis. In S. Solomon, D. Qin, M. 

Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, & H. L. Miller (Eds.), 

Contribution of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, 

Cambridge. https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-frontmatter-1. 

pdf  

IPCC. (2012). Managing the risks of extreme events and disasters to advance climate change 

adaptation. In C. B. Field, V. Barros, T. F. Stocker, D. Qin, D. J. Dokken, K. L. Ebi, 

M. D. Mastrandrea, K. J. Mach, G. K. Plattner, S. K. Allen, M. Tignor, & P. M. 

Midgley (Eds.), A special report of working groups I and II of the Inter-governmental 

Panel on Climate Change. Cambridge University Press,Cambridge. https://doi.org/ 

https://www.ipcc.ch/pdf/special-reports/srex/SREX_Full_Report.pdf  

IPCC. (2013). Climate change 2013: The physical science basis. 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 (Eds.), Contribution of Working Group I to the Fifth Assessment Report of 

the Intergovernmental Panel on Climate Change. Cambridge University Press, 

Cambridge. https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_all_final.pdf  

IPCC. (2014). Climate change 2014: Synthesis Report. In R. K. Pachauri & L. A. Meyer 

(Eds.), Contribution of Working Groups I, II and III to the Fifth Assessment Report of 

the Intergovernmental Panel on Climate Change. IPCC, Geneva, Switzerland. 

https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_AR5_FINAL_full_wcover.pdf  



   

91 
 

Ishikura, K., Darung, U., Inoue, T., & Hatano, R. (2018). Variation in soil properties regulate 

greenhouse gas fluxes and global warming potential in three land use types on tropical 

peat. Atmosphere, 9(12), 465-472. https://doi.org/10.3390/atmos9120465  

Ishizuka, S., Tsuruta, H., & Murdiyarso, D. (2002). An intensive field study on CO2, CH4 and 

N2O emissions from soils at four land-use types in Sumatra, Indonesia. Global 

Biogeochemical Cycles, 16(3), 1049-1059. https://doi.org/10.1029/2001GB001614  

Izaurralde, R. C., Lemke, R. L., Goddard, T. W., McConkey, B., & Zhang, Z. (2004). Nitrous 

oxide emissions from agricultural toposequences in Alberta and Saskatchewan. Soil 

Science Society of America Journal, 68(4), 1285-1294. https://doi.org/10.2136/ 

sssaj2004.1285  

Jain, A. K., Briegleb, B. P., Minschwaner, K., & Wuebbles, D. J. (2000). Radiative forcings 

and global warming potentials of 39 greenhouse gases. Journal of Geophysical 

Research: Atmospheres, 105(D16), 20773-20790. https://doi.org/10.1029 2000JD 

900241  

Janssens, I. A., Dieleman, W., Luyssaert, S., Subke, J. A., Reichstein, M., Ceulemans, R., 

Ciais, P., Dolman, A. J., Grace, J., Matteucci, G., Papale, D., Piao, S. L., Schulze, E. 

D., Tang, J., & Law, B. E. (2010). Reduction of forest soil respiration in response to 

nitrogen deposition. Nature Geoscience, 3(5), 315-322. https://doi.org/10.1038/ 

ngeo844  

Jones, M. B., & Humphries, S. W. (2002). Impacts of the C4 sedge Cyperus papyrus L. on 

carbon and water fluxes in an African wetland. Hydrobiologia, 488(1-3), 107-113. 

https://doi.org/10.1023/A:1023370329097  

Jones, P. G., & Thornton, P. K. (2003). The potential impacts of climate change in tropical 

agriculture: The case of maize in Africa and Latin America in 2055. Global 

Environmental Change, 13(1), 51-59. https://doi.org/10.1016/S0959-3780(02)00090-

0  

Kaiser, K. E., McGlynn, B. L., & Dore, J. E. (2018). Landscape analysis of soil methane flux 

across complex terrain. Biogeosciences, 15(10), 3143-3167. https://doi.org/10.5194/ 

bg-15-3143-2018  



   

92 
 

Kallel, A., Ksibi, M., Dhia, H. B., & Khélifi, N. (2017). Recent Advances in Environmental 

Science from the Euro-Mediterranean and Surrounding Regions: Proceedings of 

Euro-Mediterranean Conference for Environmental Integration. Springer, Germany. 

https://doi.org/10.1007/978-3-319-70548-4  

Kamga, A. F., Jenkins, G. S., Gaye, A. T., Garba, A., Sarr, A., & Adedoyin, A. (2005). 

Evaluating the national center for atmospheric research climate system model over 

West Africa: Present - day and the 21st century A1 scenario. Journal of Geophysical 

Research: Atmospheres, 110(D3), 1-18. https://doi.org/10.1029/2004JD004689  

Katz, R. W. (2002). Techniques for estimating uncertainty in climate change scenarios and 

impact studies. Climate Research, 20(2), 167-185. https://doi.org/10.3354/cr020167  

Kim, D. G., Thomas, A. D., Pelster, D., Rosenstock, T. S., & Sanz-Cobena, A. (2016). 

Greenhouse gas emissions from natural ecosystems and agricultural lands in sub-

Saharan Africa: Synthesis of available data and suggestions for further research. 

Biogeosciences, 13, 4789-4809. https://doi.org/10.5194/bg-13-4789-2016  

Kimetu, J., Mugendi, D., Bationo, A., Palm, C., Mutuo, P., Kihara, J., Nandwa, S., & Giller, 

K. (2007). Partial balance of nitrogen in a maize cropping system in humic nitisol of 

Central Kenya. In Bationo A., Waswa B., Kihara J., & K. J. (Eds.), Advances in 

integrated soil fertility management in sub-Saharan Africa: Challenges and 

opportunities. Springer, Dordrecht. https://doi.org/10.1007/978-1-4020-5760-1_49  

Kisembe, J., Favre, A., Dosio, A., Lennard, C., Sabiiti, G., & Nimusiima, A. (2019). 

Evaluation of rainfall simulations over Uganda in CORDEX regional climate models. 

Theoretical and Applied Climatology, 137(1-2), 1117-1134. https://doi.org/10.1007/ 

s00704-018-2643-x  

Knox, J., Hess, T., Daccache, A., & Wheeler, T. (2012). Climate change impacts on crop 

productivity in Africa and South Asia. Environmental Research Letters, 7(3), 034032. 

https://doi.org/10.1088/1748-9326/7/3/034032  



   

93 
 

Koerber, G. R., Edwards-Jones, G., Hill, P. W., Canals, L. M. I., Nyeko, P., York, E. H., & 

Jones, D. L. (2009). Geographical variation in carbon dioxidefluxes from soils in 

agro-ecosystems and its implications for life-cycle assessment. Journal of Applied 

Ecology, 46(2), 306-314. https://doi.org/http://www.jstor.org/stable/27695952  

Kooch, Y., Moghimian, N., Bayranvand, M., & Alberti, G. (2016). Changes of soil carbon 

dioxide, methane, and nitrous oxide fluxes in relation to land use/cover management. 

Environmental Monitoring and Assessment, 188(6), 346-358. https://doi.org/10. 

1007/s10661-016-5342-z  

Kotir, J. H. (2011). Climate change and variability in Sub-Saharan Africa: A review of 

current and future trends and impacts on agriculture and food security. Environment, 

Development and Sustainability, 13(3), 587-605. https://doi.org/10.1007/s10668-010-

9278-0  

Kurukulasuriya, P., & Mendelsohn, R. (2007). A Ricardian analysis of the impact of climate 

change on Africa Cropland. Policy Research Working Paper (No. 4305). World 

Bank, Washington, DC. http://hdl.handle.net/10986/7508  

Kurukulasuriya, P., & Mendelsohn, R. (2008a). How will climate change shift agro-

ecological zones and impact African agriculture? World Bank Policy Research 

Working Paper (No. 4717). World Bank, Washington D.C, USA. http://hdl.handle. 

net/10986/6994  

Kurukulasuriya, P., & Mendelsohn, R. (2008b). A Ricardian analysis of the impact of climate 

change on African Cropland. African Journal of Agricultural and Resource 

Economics, 2(1), 1-23. https://doi.org/10.22004/ag.econ.56965  

Kurukulasuriya, P., Mendelsohn, R., Hassan, R., Benhin, J., Deressa, T., Diop, M., Eid, H. 

M., Fosu, K. Y., Gbetibouo, G., Jain, S., Mahamadou, A., Mano, R., Kabubo-Mariara, 

J., El-Marsafawy, S., Molua, E., Ouda, S., Ouedraogo, M., Séne, I., Maddison, D., 

Seo, S. N., & Dinar, A. (2006). Will African agriculture survive climate change? The 

World Bank Economic Review, 20(3), 367-388. https://doi.org/10.1093/wber/lhl004  







   

96 
 

Liu, Y., Liu, S., Miao, R., Liu, Y., Wang, D., & Zhao, C. (2019). Seasonal variations in the 

response of soil CO2 efflux to precipitation pulse under mild drought in a temperate 

oak (Quercus variabilis) forest. Agricultural and Forest Meteorology, 271, 240-250. 

https://doi.org/10.1016/j.agrformet.2019.03.009  

Lobell, D. B., Burke, M. B., Tebaldi, C., Mastrandrea, M. D., Falcon, W. P., & Naylor, R. L. 

(2008). Prioritizing climate change adaptation needs for food security in 2030. 

Science, 319(5863), 607-610. https://doi.org/10.1126/science.1152339  

Lompo, D. J. P., Sangaré, S. A. K., Compaoré, E., Papoada S. M., Predotova, M., Schlecht, 

E., & Buerkert, A. (2012). Gaseous emissions of nitrogen and carbon from urban 

vegetable gardens in Bobo-Dioulasso, Burkina Faso. Journal of Plant Nutrition and 

Soil Science, 175(6), 846-853. https://doi.org/10.1002/jpln.201200012  

Luo, Y., Su, B., Currie, W. S., Dukes, J. S., Finzi, A., Hartwig, U., Hungate, B., McMurtrie, 

R. E., Oren, R. A. M., & Parton, W. J. (2004). Progressive nitrogen limitation of 

ecosystem responses to rising atmospheric carbon dioxide. Bioscience, 54(8), 731-

739. https://doi.org/10.1641/0006-3568(2004)054[0731:PNLOER]2.0.CO;2  

Lupwayi, N. Z., Kennedy, A. C., & Chirwa, R. M. (2011). Grain legume impacts on soil 

biological processes in sub-Saharan Africa. African Journal of Plant Science, 5(1), 1-

7. http://www.academicjournals.org/ajps  

Ma, S., Jiang, J., Huang, Y., Shi, Z., Wilson, R. M., Ricciuto, D., Sebestyen, S. D., Hanson, 

P. J., & Luo, Y. (2017). Data-constrained projections of methane fluxes in a northern 

minnesota peatland in response to elevated CO2 and warming. Journal of Geophysical 

Research: Biogeosciences, 122(11), 2841-2861. https://doi.org/10.1002/2017JG00 

3932  

MacCarthy, D. S., Zougmor´e, R. B., Akponikp`e, P. B. I., Koomson, E., Savadogo, P., & 

Adiku, S. G. K. (2018). Assessment of greenhouse gas emissions from different land-

use systems: A case study of CO2 in the southern zone of Ghana. Applied and 

Environmental Soil Science, 1057242, 1-12. https://doi.org/10.1155/2018/1057242  



   

97 
 

Macdonald, J. A., Eggleton, P., Bignell, D. E., Forzi, F., & Fowler, D. (1998). Methane 

emission by termites and oxidation by soils, across a forest disturbance gradient in the 

mbalmayo forest reserve, Cameroon. Global Change Biology, 4(4), 409-418. 

https://doi.org/10.1046/j.1365-2486.1998.00163.x  

Mahmood, T., Ali, R., Malik, K. A., Aslam, Z., & Ali, S. (2005). Seasonal pattern of 

denitrification under an irrigated wheat-maize cropping system fertilized with urea 

and farmyard manure in different combinations. Biology and Fertility of Soils, 42, 1-

9. https://doi.org/10.1007/s00374-005-0869-0  

Maidment, R. I., Grimes, D. I. F., Allan, R. P., Greatrex, H., Rojas, O., & Leo, O. (2013). 

Evaluation of satellite-based and model re-analysis rainfall estimates for Uganda. 

Meteorological Applications, 20(3), 308-317. https://doi.org/10.1002/met.1283  

Makumba, W., Akinnifesi, F. K., Janssen, B., & Oenema, O. (2007). Long-term impact of a 

gliricidia-maize intercropping system on carbon sequestration in southern Malawi. 

Agriculture, Ecosystems and Environment, 118(1-4), 237-243. https://doi.org/10.1016 

/j.agee.2006.05.011  

Mann, M. E., & Jones, P. D. (2003). Global surface temperatures over the past two millennia. 

Geophysical Research Letters, 30(15), 1820-1824. https://doi.org/10.1029/2003 

GL017814  

Mapanda, F., Mupini, J., Wuta, M., Nyamangara, J., & Rees, R. (2010). A cross-ecosystem 

assessment of the effects of land cover and land use on soil emission of selected 

greenhouse gases and related soil properties in Zimbabwe. European Journal of Soil 

Science, 61(5), 721-733. https://doi.org/10.1111/j.1365-2389.2010.01266.x  

Mapanda, F., Wuta, M., Nyamangara, J., & Rees, R. M. (2011). Effects of organic and 

mineral fertilizer nitrogen on greenhouse gas emissions and plant-captured carbon 

under maize cropping in Zimbabwe. Plant and Soil, 343, 67-81. https://doi.org/10. 

1007/s11104-011-0753-7  









   

101 
 

Mutuo, P. K., Cadisch, G., Albrecht, A., Palm, C. A., & Verchot, L. (2005). Potential of 

agroforestry for carbon sequestration and mitigation of greenhouse gas emissions 

from soils in the tropics. Nutrient Cycling in Agroecosystems, 71(1), 43-54. 

https://doi.org/10.1007/s10705-004-5285-6  

National Oceanic and Atmospheric Administration (2019). Earth system research laboratory 

global monitoring division, (NOAA), Accessed on 5th May 2019 at 

https://www.esrl.noaa.gov/gmd/.  

Nawaz, A., Lal, R., Shrestha, R. K., & Farooq, M. (2017). Mulching affects soil properties 

and greenhouse gas emissions under long-term no-till and plough-till systems in 

alfisol of central Ohio. Land Degradation and Development, 28(2), 673-681. 

https://doi.org/10.1002/ldr.2553  

Nelson, D. W., & Sommers, L. E. (1996). Total carbon, organic carbon, and organic matter. 

In D. L. Sparks (Ed.), Methods of soil analysis. Part 3-chemical methods. Soil 

Science Society of America and American Society of Agronomy, Madison, WI, USA. 

https://doi.org/10.2136/sssabookser5.3.c34  

Nelson, G. C., Rosegrant, M. W., Koo, J., Robertson, R. D., Sulser, T., Zhu, T., Ringler, C., 

Msangi, S., Palazzo, A., Batka, M., Magalhaes, M., Valmonte, S. R., Ewing, M., & 

Lee, D. R. (2009). Climate change: Impact on agriculture and costs of adaptation. 

https://doi.org/10.2499/0896295354  

Neue, H. U., Gaunt, J. L., Wang, Z. P., Becker, H. P., & Quijano, C. (1997). Carbon in 

tropical wetlands. Geoderma, 79(1-4), 163-185. https://doi.org/10.1016/S0016-

7061(97)00041-4  





   

103 
 

Nyamadzawo, G., Shi, Y., Chirinda, N., Olesen, J. R., Mapanda, F., Wuta, M., Wu, W., 

Meng, F., Oelofse, M., de Neergaard, A., & Smith, J. (2017). Combining organic and 

inorganic nitrogen fertilisation reduces N2O emissions from cereal crops: A 

comparative analysis of China and Zimbabwe. Mitigation and Adaptation Strategies 

for Global Change, 22, 233-245. https://doi.org/10.1007/s11027-014-9560-9  

Nyamadzawo, G., Wuta, M., Nyamangara, J., Smith, J. L., & Rees, R. M. (2014). Nitrous 

oxide and methane emissions from cultivated seasonal wetland (dambo) soils with 

inorganic, organic and integrated nutrient management. Nutrient Cycling in 

Agroecosystems, 100, 161-175. https://doi.org/10.1007/s10705-014-9634-9  

Nziguheba, G., Palm, C. A., Berhe, T., Denning, G., Dicko, A., Diouf, O., Diru, W., Flor, R., 

Frimpong, F., Harawa, R., Kaya, B., Manumbu, E., McArthur, J., Mutuo, P., Ndiaye, 

M., Niang, A., Nkhoma, P., Nyadzi, G., & Sanchez, P. A. (2010). The African Green 

Revolution: Results from the Millennium Villages Project. Advances in Agronomy, 

109, 75-115. https://doi.org/10.1016/B978-0-12-385040-9.00003-7  

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  

Ojiem, J. O., Vanlauwe, B., de Ridder, N., & Giller, K. E. (2007). Niche-based assessment of 

contributions of legumes to the nitrogen economy of Western Kenya smallholder 

farms. Plant and Soil, 292, 119-135. https://doi.org/10.1007/s11104-007-9207-7  

Okigbo, B. N., & Greenland, D. J. (1976). Intercropping systems in tropical Africa. In R.I. 

Papendick, P.A. Sanchez, & G. B. Triplett (Eds.), Multiple cropping. American 

Society of Agronomy. https://doi.org/10.2134/asaspecpub27  

Okonya, J. S., & Kroschel, J. (2013). Indigenous knowledge of seasonal weather forecasting: 

A case study in six regions of Uganda. Agricultural Sciences, 4, 641-648. 

https://doi.org/10.4236/as.2013.412086  

Omega Engineering Inc. (2016, January, 12). HHAQ-110 portable multi-gas detector: User 

guide. Stamford, USA. Retrieved from https://assets.omega.com/manuals/M5501.pdf.  



   

104 
 

Orindi, V. A., & Murray, L. A. (2005). Adapting to climate change in East Africa: A strategic 

approach. International Institute for Environment and Development. Retrieved May 

18, 2021, from http://www.jstor.org/stable/resrep01819.  

Otter, L. B., & Scholes, M. C. (2000). Methane sources and sinks in a periodically flooded 

South African savanna. Global Biogeochemical Cycles, 14(1), 97-111. 

https://doi.org/10.1029/1999GB900068  

Pang, J., Wang, X., Peng, C., Mu, Y., Ouyang, Z., Lu, F., Zhang, H., Zhang, S., & Liu, W. 

(2019). Nitrous oxide emissions from soils under traditional cropland and apple 

orchard in the semi-arid Loess Plateau of China. Agriculture, Ecosystems and 

Environment, 269, 116-124. https://doi.org/10.1016/j.agee.2018.09.028  

Pappa, V. A., Rees, R. M., Walker, R. L., Baddeley, J. A., & Watson, C. A. (2011). Nitrous 

oxide emissions and nitrate leaching in an arable rotation resulting from the presence 

of an intercrop. Agriculture, Ecosystems and Environment, 141(1-2), 153-161. 

https://doi.org/10.1016/j.agee.2011.02.025  

Parry, M., Rosenzweig, C., Iglesias, A., Fischer, G., & Livermore, M. (1999). Climate change 

and world food security: A new assessment. Global Environmental Change, 9, 51-67. 

https://doi.org/10.1016/S0959-3780(99)00018-7  

Parry, M. L., Rosenzweig, C., Iglesias, A., Livermore, M., & Fischer, G. (2004). Effects of 

climate change on global food production under SRES emissions and socio-economic 

scenarios. Global Environmental Change, 14(1), 53-67. https://doi.org/10.1016/j. 

gloenvcha.2003.10.008  

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G. P., & Smith, P. (2016). Climate-

smart soils. Nature, 532, 49-57. https://doi.org/10.1038/nature17174  

Peat, J., & Barton, B. (2005). Medical Statistics: A guide to data analysis and critical 

appraisal. Blackwell Publishing. Blackwell Publishing. https://www.wiley.com/en-

us/Medical+Statistics%3A+A+Guide+to+Data+Analysis+and+Critical+Appraisal-p-

9780470755204  



   

105 
 

Pecl, G., Araújo, M., Bell, D. J., Blanchard, J., Bonebrak, E. T. C., Chen, I. C., Clark, D. T., 

Colwell, R. K., Danielsen, F., Evengard, B., & Robinson, S. A. (2017). Biodiversity 

redistribution under climate change: Impacts on ecosystems and human well-being. 

Science, 355(6332), 1-9. https://doi.org/10.1126/science.aai9214  

Peng, Q., Dong, Y., Qi, Y., Xiao, S., He, Y., & Ma, T. (2011). Effects of nitrogen fertilization 

on soil respiration in temperate grassland in Inner Mongolia, China. Environmental 

Earth Sciences, 62(6), 1163-1171. https://doi.org/10.1007/s12665-010-0605-4  

Peng, S. S., Piao, S. L., Bousquet, P., Ciais, P., Li, B. G., Lin, X., Tao, S., Wang, Z. P., 

Zhang, Y., & Zhou, F. (2016). Inventory of anthropogenic methane emissions in 

mainland China from 1980 to 2010. Atmospheric Chemistry and Physics, 16(22), 

14545-14562. https://doi.org/10.5194/acp-16-14545-2016  

Peoples, M. B., Brockwell, J., Herridge, D. F., Rochester, I. J., Alves, B. J. R., Urquiaga, S., 

Boddey, R. M., Dakora, F. D., Bhattarai, S., & Maskey, S. L. (2009). The 

contributions of nitrogen-fixing crop legumes to the productivity of agricultural 

systems. Symbiosis, 48, 1-17. https://doi.org/10.1007/BF03179980  

Peoples, M. B., & Herridge, D. F. (1990). Nitrogen fixation by legumes in tropical and 

subtropical agriculture. Advances in Agronomy, 44, 155-223. https://doi.org/10.1016/ 

S0065-2113(08)60822-6  

Pielke, R. A. (2005). Land use and climate change. Science, 310(5754), 1625-1626. 

https://doi.org/10.1126/science.1120529  

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 N2O). Biogeoscience, 3, 651-661.  

Predotova, M., Gebauer, J., Diogo, R. V. C., Schlecht, E., & Buerkert, A. (2010). Emissions 

of ammonia, nitrous oxide and carbon dioxide from urban gardens in Niamey, Niger. 

Field Crops Research, 115(1), 1-8. https://doi.org/10.1016/j.fcr.2009.09.010  







   

108 
 

Rustad, L. E., Huntington, T. G., & Boone, R. D. (2000). Controls on soil respiration: 

Implications for climate change. Biogeochemistry, 48, 1-6. https://doi.org/10.1023/A: 

1006255431298  

Ryals, R., Hartman, M. D., Parton, W. J., DeLonge, M. S., & Silver, W. L. (2015). Long-term 

climate change mitigation potential with organic matter management on grasslands. 

Ecological Applications, 25(2), 531-545. https://doi.org/10.1890/13-2126.1  

Saggar, S., Tate, K. R., Giltrap, D. L., & Singh, J. (2008). Soil-atmosphere exchange of 

nitrous oxide and methane in New Zealand terrestrial ecosystems and their mitigation 

options: A review. Plant and Soil, 309, 25-42. https://doi.org/10.1007/s11104-007-

9421-3  

Saghir, J. (2014). Global challenges in agriculture and the World Bank's response in Africa. 

Food and Energy Security, 3(2), 61-68. https://doi.org/10.1002/fes3.43  

Sanderman, J., Hengl, T., & Fiske, G. J. (2017). Soil carbon debt of 12,000 years of human 

land use. Proceedings of the National Academy of Sciences of the United States of 

America, 114(36), 9575-9580. https://doi.org/10.1073/pnas.1706103114  

Sanz-Cobena, A., Abalos, D., Meijide, A., Sanchez-Martin, L., & Vallejo, A. (2016). Soil 

moisture determines the effectiveness of two urease inhibitors to decrease N2O 

emission. Mitigation and Adaptation Strategies for Global Change, 21(7), 1131-1144. 

https://doi.org/10.1007/s11027-014-9548-5  

Saunders, M. J., Jones, M. B., & Kansiime, F. (2007). Carbon and water cycles in tropical 

papyrus wetlands. Wetlands Ecology and Management, 15(6), 489-498. https://doi. 

org/10.1007/s11273-007-9051-9  

Saunders, M. J., Kansiime, F., & Jones, M. B. (2012). Agricultural encroachment: 

Implications for carbon sequestration in tropical A frican wetlands. Global Change 

Biology, 18(4), 1312-1321. https://doi.org/10.1111/j.1365-2486.2011.02633.x  

Savage, K., Phillips, R., & Davidson, E. (2014). High temporal frequency measurements of 

greenhouse gas emissions from soils. Biogeosciences, 11(10), 2709-2720. https://doi. 

org/10.5194/bg-11-2709-2014  



   

109 
 

Schaeffer, M., Hare, B., Rocha, M., & Rogelj, J. (2013). Adequacy and feasibility of the 1.5C 

long-term global limit. (Report No. 29). Air Pollution and Climate Secretariat. 

https://www.airclim.org/sites/default/files/documents/APC29-adequacy-and-

feasibility.pdf.  

Schaufler, G., Kitzler, B., Schindlbacher, A., Skiba, U., Sutton, M. A., & Zechmeister-

Boltenstern, S. (2010). Greenhouse gas emissions from European soils under different 

land use: Effects of soil moisture and temperature. European Journal of Soil Science, 

61(5), 683-696. https://doi.org/10.1111/j.1365-2389.2010.01277.x  

Schellnhuber, H. J., Rahmstorf, S., & Winkelmann, R. (2016). Why the right climate target 

was agreed in Paris. Nature Climate Change, 6, 649-653. https://doi.org/10. 

1038/nclimate3013  

Schjønning, P., & Rasmussen, K. J. (2000). Soil strength and soil pore characteristics for 

direct drilled and ploughed soils. Soil and Tillage Research, 57(1-2), 69-82. 

https://doi.org/10.1016/S0167-1987(00)00149-5  

Schlenker, W., & Lobell, D. B. (2010). Robust negative impacts of climate change on 

African agriculture. Environmental Research Letters, 5(1), 1-8.  

Schneider, S. H., Semenov, S., Patwardhan, A., Burton, I., Magadza, C. H. D., Oppenheimer, 

M., Pittock, A. B., Rahman, A., Smith, J. B., Suarez, A., Yamin, F., Corfee-Morlot, J., 

Finkel, A., Füssel, H. M., Keller, K., MacMynowski, D., Mastrandrea, M. D., & 

Todorov, A. (2007). Assessing key vulnerabilities and the risk from climate change. 

In Climate change 2007: Impacts, adaptation and vulnerability. Contribution of 

working group II to the fourth assessment report of the Intergovernmental Panel on 

Climate Change. https://publications.pik-potsdam.de/pubman/item/item_15480  

Schnell, S., & King, G. M. (1996). Responses of methanotrophic activity in soils and cultures 

to water stress. Applied and Environmental Microbiology, 62, 3203-3209.  

Scholes, M. C., Martin, R., Scholes, R. J., Parsons, D., & Winstead, E. (1997). NO and N2O 

emissions from savanna soils following the first simulated rains of the season. 

Nutrient Cycling Agroecosystem, 48, 115-122. https://doi.org/10.1023/A:100978142 

0199.  



   

110 
 

Schwarz, G. E. (1978). Estimating the dimension of a model. The Annals of Statistics, 6(2), 

461-464. www.jstor.org/stable/2958889.  

Scott-Denton, L. E., Rosenstiel, T. N., & Monson, R. K. (2006). Differential controls by 

climate and substrate over the heterotrophic and rhizospheric components of soil 

respiration. Global Change Biology, 12(2), 205-216. https://doi.org/10.1111/j.1365-

2486.2005.01064.x  

Seneviratne, G. (2000). Litter quality and nitrogen release in tropical agriculture: A synthesis. 

Biology and Fertility of Soils, 31(1), 60-64. https://doi.org/10.1007/s003740050624  

Seo, S. N., Mendelsohn, R., Dinar, A., Hassan, R., & Kurukulasuriya, P. (2009). A Ricardian 

analysis of the distribution of climate change impacts on agriculture across agro-

ecological zones in Africa. Environmental Resource Economics, 43, 313-332. 

https://doi.org/10.1007/s10640-009-9270-z  

Serca, D., Delmas, R., Jambert, C., & Labroue, L. (1994). Emissions of nitrogen oxides from 

equatorial rain forest in central Africa. Tellus B: Chemical and Physical Meteorology, 

46(4), 243-254. https://doi.org/10.3402/tellusb.v46i4.15795  

Serdeczny, O., Adams, S., Baarsch, F., Coumou, D., Robinson, A., Hare, W., Schaeffer, M., 

Perrette, M., & Reinhardt, J. (2017). Climate change impacts in Sub-Saharan Africa: 

From physical changes to their social repercussions. Regional Environmental Change, 

17, 1585-1600. https://doi.org/10.1007/s10113-015-0910-2  

Sgouridis, F., & Ullah, S. (2017). Soil greenhouse gas fluxes, environmental controls, and the 

partitioning of N2O sources in UK natural and seminatural land use types. Journal of 

Geophysical Research, 122(10), 2617-2633. https://doi.org/10.1002/2017JG003783  

Shaaban, M., Peng, Q., Hu, R., Wu, Y., Lin, S., & Zhao, J. (2015). Dolomite application to 

acidic soils: A promising option for mitigating N2O emissions. Environmental Science 

and Pollution Research, 22(24), 19961-19970. https://doi.org/10.1007/s11356-015-

5238-4  

Shah, M., Fischer, G., & van Velthuizen, H. (2008). Food security and sustainable 

agriculture: The challenges of climate change in Sub-Saharan Africa. International 

Institute for Applied Systems Analysis, Laxenburg.  





   

112 
 

Skiba, U., Sheppard, L. J., MacDonald, J., & Fowler, D. (1998). Some key environmental 

variables controlling nitrous oxide emissions from agricultural and semi-natural soils 

in Scotland. Atmospheric Environment, 32(19), 3311-3320. https://doi.org/10.1016 

/S1352-2310(97)00364-6  

Smemo, K. A., Ostrom, N. E., Opdyke, M. R., Ostrom, P. H., Sven, B., & Robertson, G. P. 

(2011). Improving process-based estimates of N2O emissions from soil using 

temporally extensive chamber techniques and stable isotopes. Nutrient Cycling in 

Agroecosystems, 91, 145-154. https://doi.org/10.1007/s10705-011-9452-2  

Smith, A. P., Bond-Lamberty, B., Benscoter, B. W., Tfaily, M. M., Hinkle, C. R., Liu, C., & 

Bailey, V. L. (2017). Shifts in pore connectivity from precipitation versus 

groundwater rewetting increases soil carbon loss after drought. Nature 

Communications, 8, 1-11. https://doi.org/10.1038/s41467-017-01320-x  

Smith, J. B., Huq, S., Lenhart, S., Mata, L. J., Nenesova, I., & Toure, S. (1996). Vulnerability 

and adaptation to climate change: Interim results from the US country studies 

program. Springer, Netherlands. https://doi.org/10.1007/978-94-017-3653-4  

Smith, J. L., Halvorson, J. J., & Bolton, J. H. (2002). Soil properties and microbial activity 

across a 500 m elevation gradient in a semi-arid environment. Soil Biology and 

Biochemistry, 34(11), 1749-1757. https://doi.org/10.1016/S0038-0717(02)00162-1  

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, 69(1), 10-20. 

https://doi.org/10.1111/ejss.12539  











   

117 
 

Wolff, E. W., Shepherd, J. G., Shuckburgh, E., & Watson, A. J. (2015). Feedbacks on climate 

in the earth system: Introduction. Philosophical Transactions of the Royal Society A: 

Mathematical, Physical and Engineering Sciences, 373(2054), 2014-2028. 

https://doi.org/10.1098/rsta.2014.0428  

World Bank. (2018). Climate Change Knowledge Portal (CCKP), World Bank Groups. 

Accessed on 01 April 2020, https://climateknowledgeportal.worldbank.org/ 

country/uganda/download-data.  

World Meteorological Organization [WMO]. (2018). Greenhouse gas levels in atmosphere 

reach new record: World Meteorological Organization. Geneva, Switzerland. 

https://public.wmo.int/en/media/press-release/greenhouse-gas-levels-atmosphere-

reach-new-record 

Wu, D., Cárdenas, L. M., Calvet, S., Brüggemann, N., Loick, N., Liu, S., & Bol, R. (2017). 

The effect of nitrification inhibitor on N2O, NO and N2 emissions under different soil 

moisture levels in a permanent grassland soil. Soil Biology and Biochemistry, 113, 

153-160. https://doi.org/10.1016/j.soilbio.2017.06.007  

Wu, X., Zang, S., Ma, D., Ren, J., Chen, Q., & Dong, X. (2019). Emissions of CO2, CH4, and 

N2O fluxes from forest soil in permafrost region of Daxing'an Mountains, northeast 

China. International Journal of Environmental Research and Public Health, 16(16), 

1-14. https://doi.org/10.3390/ijerph16162999  

Wuebbles, D. J., & Hayhoe, K. (2002). Atmospheric methane and global change. Earth-

Science Reviews, 57(3-4), 177-210. https://doi.org/10.1016/S0012-8252(01)00062-9  

Xu, L., Furtaw, M. D., Madsen, R. A., Garcia, R. L., Anderson, D. J., & McDermitt, D. 

(2006). On maintaining pressure equilibrium between a soil CO2 flux chamber and the 

ambient air. Journal of Geophysical Research: Atmospheres, 111, 1-14. 

https://doi.org/10.1029/2005JD006435  

Yao, Z., Zheng, X., Xie, B., Liu, C., Mei, B., Dong, H., Butterbach-Bahl, K., & Zhu, J. 

(2009). Comparison of manual and automated chambers for field measurements of 

N2O, CH4, CO2 fluxes from cultivated land. Atmospheric Environment, 43(11), 1888-

1896. https://doi.org/10.1016/j.atmosenv.2008.12.031  





   

119 
 

APPENDICES 

Appendix 1:  Cropping systems where soil samples and greenhouse gas fluxes were collected in Wakiso District, central Uganda 

   

        

   

(c) Sole cropped maize (b) Sole cropped beans                                  (a) Maize - bean intercrops                          

(d) Banana - coffee intercrops (e) Sole cropped banana (f) Sole cropped sweet potatoes 








































































