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ABSTRACT 

Crop production in sub-Sahara Africa (SSA) is often constrained by declining soil 

fertility associated with negative nutrient balances as a result of continuous cropping 

with little or no replenishment of nutrients. To offset the negative nutrient balance, 

especially nitrogen (N), in SSA agroecosystems and meet the ever-increasing food 

demand, it is paramount to intensify N fertilizer use. However, this could prove 

deleterious to ecosystem functioning since increased N fertilizer is associated with 

elevated reactive nitrogen (Nr) loading in the environment. Therefore, a study 

comprising increasing N fertilizer rates, 0, 25, 50, 75, 100 and 125 kg N ha-1 was 

conducted in the highland tropics of the Rift Valley, Kenya. The objective was to 

evaluate fertilizer-induced soil mineral N (Nmin) changes within the soil profile and 

nitrous oxide (N2O) emissions in maize monoculture systems. On average, the N 

application of 125 kg N ha-1 exhibited the largest NO3
- (14.8 mg kg-1) and NH4

+ (11.85 

mg kg-1) concentration across depth and different N rates. The annual N2O fluxes 

ranged from 0.33 to 0.77 kg N2O-N ha-1 across the different N rates. Additionally, yield-

scaled emissions ranged from 0.07 to 0.14 g N2O-N kg-1 grain yield across different N 

rates. Increasing N fertiliser rates increased grain yield by 7, 14, 24, 37 and 46 % while 

applying 25, 50, 75, 100 and 125 kg N ha-1, respectively. Application of 25 kg N ha-1 

gave indications of soil N mining, with a nitrogen use efficiency (NUEgrain) value of > 

1, whereas the rest of the N rates had an NUEgrain value of < 1. The optimum 

physiological efficiency and partial-factor productivity were realised when N was 

supplied at 75 kg N ha-1. Overall, the results suggest that increasing N application to 75 

kg N ha-1 would not only improve grain yield but also increase soil N intensity, N2O 

emissions and optimise NUE. Therefore, matching crop demands through judicious N 

use will be critical to ensure efficient use of fertiliser N and reduce losses to the 

ecosystem. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

According to FAO (1996), food security exists when all people, at all times, have 

physical, social and economic access to sufficient, safe and nutritious food which meets 

their dietary needs and food preferences for an active and healthy life. However, this 

situation is far from being achieved in Sub-Saharan Africa (SSA), where the prevalence 

of undernourishment accounts for 22.3% of the population in the region (FAO et al., 

2025). This is expected to be aggravated by the rising food demand attributed to the 

rapidly growing population, estimated to reach 2.1 billion by 2050 (Ezeh et al., 2020). 

Cereals are the most vital source of food and nutrition in the region, and ultimately, 

their demand is projected to double by 2050 (Alimagham et al., 2024). Additionally, 

they also serve as a crucial raw material for the manufacture of livestock feeds and 

alcohol products (das Graças Costa & de Souza, 2023).  

In Kenya, maize is the staple food and contributes significantly to the population's 

protein and calorie intake (Jena et al., 2021),  therefore acting as an important indicator 

of food security (Ngeno, 2024). Additionally, it is the most widely cultivated crop in 

the country, occupying over two million hectares (ha) across various agroecological 

zones (AEZs) (Ouma & De Groote, 2011; FAOSTAT, 2024). Its production is primarily 

by smallholder farmers, who account for about 75% of the national output. However, 

maize production in Kenya has stagnated way below the optimal yields achievable 

under rain-fed agriculture (Njeru et al., 2023), significantly contributing to food 

insecurity despite the region having the potential of being maize-sufficient. This further 

jeopardizes efforts to achieve the second Sustainable Development Goal (SDG) of 

ending hunger by 2030.   
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Low maize production has been attributed to, among other factors, declining soil 

fertility (Giller, 2020), especially of major elements such as potassium (K), phosphorus 

(P) and most importantly, nitrogen (N). Nitrogen (N) is an essential nutrient in plant 

growth (Anas et al., 2020) and is also a key determinant of grain yield. There has been 

continuous N mining in SSA, resulting in cumulative negative N balances of 

approximately 700 kg N over the last three decades (Dimkpa et al., 2023), which has 

led to soil degradation and ultimately threatens food security. 

Notably, maize consumes the highest amount of fertilizer in the country, applied to 

roughly 70% of the total maize-growing area (Kirimi et al., 2023). Despite this, the 

average N use intensity (40 kg ha-1) – Table 1 - is still below the recommended 

application rate of between 100 and 120 kg ha-1 for optimal maize grain production.  

Indeed, the average grain yield has stagnated below 2 t ha-1 for the past few decades 

(FAOSTAT, 2024), resulting in low cereal sufficiency (<1) (Van Ittersum et al., 2025) 

and an increase in grain imports (Abodi et al., 2021). Therefore, there is an urgent need 

to intensify fertilizer use, particularly nitrogen (N), in the country to improve yields, 

meet the crop’s nutrient requirements, and reverse the decline in soil fertility (Pasley et 

al., 2020).  
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Volume of N used in maize production fields (tonnes) 

in Kenya 

Fertilizer 2013 2014 2015 2016 2017 

Diammonium Phosphate 

(DAP) 26,159 15,284 14,605 20,518 29,446 

NPK (23:23:0) 3,857 3,473 9,761 7,188 4,502 

Calcium Ammonium Nitrate 

(CAN) 20,690 18,625 18,346 19,236 24,550 

Urea 7,259 6,523 9,344 12,583 8,071 

Mavuno top dressing 631 567 587 693   

Yara Mila (23:10:5) 262         

Total N use in maize fields 58,858 44,472 52,643 60,218 66,569 

Harvested Area (ha)   2,116,000 2,267,152 2,337,587   

Area fertilized (ha)   1,362,832 1,423,244 1,476,524   

N-fertilizer rate (kg ha-1)   32.6 37.0 40.8   

Source: (AFO, 2018) 

Several studies have confirmed that increasing N-fertilizer in maize cropping systems 

improves grain yields (Winnie et al., 2022; Breure et al., 2023; Aramburu-Merlos et 

al., 2024). Despite its importance in improving grain yields, its increased use in maize 

cropping systems could concomitantly accelerate N loss, considering that < 50% is 

recovered in the final harvested product (Scheer et al., 2023). Meanwhile, the rest of N 

is lost, ultimately, leading to loading of reactive N (Nr) in the ecosystem, as witnessed 

in other intensively cultivated regions of the world (H. Zhao et al., 2022). Further, 

threatening the existence of life on the planet (Erisman et al., 2013), as elevated Nr 

contributes to air pollution, aquatic eutrophication, biodiversity loss, acidification and 

eventually, climate change (Gong et al., 2024). In intensified agricultural systems, the 

interactions among climate, soil and plant strongly influence the internal N cycle, 

thereby regulating the fate of N input by urea or ammonical fertiliser. During this 

process, some N is lost from the system in the form of ammonia (NH3), nitrates (NO3
-

), and nitrogen oxides (NOx, including NO and N2O) (Strenge et al., 2023). These 

inorganic forms of N are lost through runoff, leaching, volatilization and gaseous 

Table 1: Average N use intensity for maize production in Kenya  
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emission (Rashmi et al., 2017), and can be deposited over large distances, even reaching 

pristine ecosystems through wet or dry deposition. 

Nitrogen loss pathways are largely controlled by microbial action on different nitrogen 

substrates (Kuypers et al., 2018), which is primarily influenced by meteorological 

conditions, soil properties, and management practices. Runoff, for instance, is 

exacerbated by heavy rainfall, poor soil structure, slope, and a lack of soil cover. 

Meanwhile, leaching is dependent on the soil texture, the amount and intensity of 

rainfall (Hess et al., 2020), tillage (Wang et al., 2015), management practices, and the 

quantity of nitrogen fertilizer applied (Wang et al., 2019). Nitrous oxide (N2O), a potent 

greenhouse gas (GHG), emissions from agricultural lands are influenced by several 

interacting factors, including edaphic, meteorological and soil management (Signor & 

Cerri, 2013). Therefore, achieving a balance in N use is imperative to meet crop 

production needs while minimising N losses to the ecosystem.   

Fertilizer-induced Nr losses in intensified cropping system are inevitable. However, 

there is a paucity of information on the amount of N lost through leaching and N2O 

emissions, especially in the highland tropics of the Rift Valley of Kenya, a key 

agricultural region contributing significantly to the national food production. This is 

because studies have rarely focused on the soil N dynamics in this region, despite its 

huge potential as an N2O source. Therefore, regular and up-to-date information on soil 

N dynamics in maize mono-cropping systems is vital for developing sound mitigation 

policies and improving the reporting of GHGs in our national inventory.  

1.2 Problem Statement 

The success of the Asian Green Revolution from the 1970s to the 1990s demonstrates 

the impact of increased fertilizer use on crop production in the SSA region, especially 
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nitrogen (N). However, as observed in other intensively cultivated areas worldwide, 

higher N use is often results in low nutrient use efficiency (NUE) and greater Nr losses. 

These losses contribute to air pollution, acidification of land and water systems, 

eutrophication, crop and biodiversity loss, and the greenhouse effect. In Kenya’s high-

potential maize zones, high rainfall received throughout the year coupled with increased 

N inputs, are likely to intensify these losses in the region. Yet, uncertainties in these 

losses remain due to limited spatial measurements of Nr losses from soils in this area 

leading to incomplete understanding of the processes controlling these losses. Without 

precise and localized N loss data, scaling estimates from farms to national or regional 

levels remains challenging, limiting our ability to develop effective ecosystem 

mitigation strategies related to N fertilizer use. 

1.3 Justification of the Study 

Under the 2015 Paris Agreement, 195 member states, including Kenya, committed to 

submit their Nationally Determined Contributions (NDCs) to the United Nations 

Framework Convention on Climate Change (UNFCCC) biennially (Rosenstock & 

Wilkes, 2021). Agriculture was identified as a vital intervention in reducing GHG 

emissions and ensuring that the temperature rise is maintained below 2 °C 

(Gyanchandani, 2016; van Loon et al., 2019). However, most SSA countries find it 

challenging to report soil N2O emissions, since they lack a national N2O emissions 

inventory and thus, use the Intergovernmental Panel on Climate Change (IPCC) Tier 1 

guidelines to report emission levels (Ogle et al., 2013). This is, conversely, subject to 

an overestimation of the quantity of nitrous oxide emitted from agricultural soils, 

especially since the response is non-linear (Hickman et al., 2014; Macharia et al., 2020; 

Albanito et al., 2017).  
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However, in recent years, N2O emissions in SSA have garnered considerable attention, 

particularly the fertilizer-induced N2O emissions from agricultural lands. This topic has 

been examined by several scientists who are eager to address the lack of information 

on N2O emissions in SSA (Hickman et al., 2011, 2014a, 2014b, 2015; Sommer et al., 

2015; Pelster et al., 2017; Leitner et al., 2020; Macharia et al., 2020; Musafiri et al., 

2020; Lemarpe et al., 2021; Githongo et al., 2022; Tully et al., 2023). However, studies 

measuring N2O in SSA remain scarce compared to other regions of the world. For 

example, Rosenstock & Wilkes (2021) reported that in 2016, less than 100 site-years 

of N2O emission data were collected across SSA, whereas in China alone, about 6000 

site-years of data collected were recorded from maize fields during the same period. 

This limited dataset contributes to siginficant uncertainties and constrains the accurate 

estimation of emission factors (EFs) at both national and regional scales.  

Several models have been used to estimate both current and future N2O emissions from 

agricultural lands in SSA (Hickman et al., 2011; Albanito et al., 2017; Leitner et al., 

2020). These models have also been used to estimate emissions under different fertilizer 

scenarios (Huddell et al., 2020; Leitner et al., 2020). However, their accuracy is often 

limited by insufficient information on key input datasets such as fertilizer type and 

amount, soil properties and climate factors, which are critical for reliable model 

development. This data gap poses a major challenge in validating and testing these 

models to estimate soil N2O emissions across spatially diverse croplands at national 

and regional scales.  

In Kenya, few studies have attempted to link N2O emissions to soil and climatic factors 

that influence microbial activities and drive emissions. Therefore, it is essential to 

conduct comprehensive measurements and provide information on soil N2O fluxes, soil 

properties, agricultural land management and climatic conditions during the 
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measurement period. Such information would provide a basis for developing accurate 

N2O Emission Factors (EFs) models capable of estimating emissions at different 

production scales, both nationally and regionally. Against this background, this study 

seeks to investigate N pathways in maize monocrop systems in Uasin Gishu County, 

focusing on how increased N fertilizer application influences N2O emissions. 

1.4 Objectives  

1.4.1 Broad Objective 

To contribute to data on fertilizer-induced greenhouse gas (GHG) emissions in cropping 

systems for sustainable agricultural productivity 

1.4.2 Specific Objectives  

1. To evaluate the effect of inorganic nitrogen fertilizer application on soil nitrogen 

dynamics  

2. To evaluate the effect of inorganic nitrogen fertilizer application on maize grain 

yield and nitrogen use efficiency. 

1.5 Research Questions 

1. Does increasing inorganic nitrogen fertilizer application rates influence soil 

nitrogen availability and losses in maize monocrop production systems? 

2. Does increasing inorganic nitrogen fertilizer application rates increase maize 

grain yield and nitrogen use efficiency? 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Nitrogen and its significance in crop production 

Nitrogen (N) is an essential nutrient necessary for crop production, and its availability 

is one of the primary factors limiting yield (Zou et al., 2018). Besides its role in 

providing nutrition to plants, it forms the fundamental structure of most organic 

molecules, including chlorophyll, proteins, nucleic acids, alkaloids, amino acids, and 

vitamins, all of which play vital roles in plant growth, development, and the quality of 

the harvestable produce (Wang et al., 2024). In crop production, nitrogen is sourced 

from both organic and inorganic sources. However, in recent years, the use of inorganic 

nitrogen has increased exponentially to meet the ever-growing demand for food 

(Adalibieke et al., 2023).   

Its use has increased sevenfold over the last four decades (Maheswari et al., 2017; 

Zayed et al., 2023) and it is estimated that since the start of the 21st century, about half 

of the human population has directly depended on N fertilizer for food (Fowler et al., 

2013). According to FAO (2024), N fertilizers are among the most widely used for crop 

production worldwide, accounting for 66%, 62%, 49%, 56%, and 61% of the total 

fertilizer use in Europe, Asia, the Americas, Oceania, and Africa, respectively. 

Globally, cereal crops (maize, wheat and rice) dominate N fertiliser use by crop, 

receiving half of the produced synthetic N (16, 18 and 16%, respectively) (Ladha et al., 

2020) and their use in the production of cereals has increased 9-fold, from 6.9 to 65.2 

Mt. Furthermore, cereal production increased by 340% between 1961 and 2019, from 

876.9 to 3,279 Mt, and during the same period, maize production rose approximately 

six times (FAO, 2021). 



9 
 

2.2 Current fertilizer use in Africa for crop production 

In contrast, fertilizer use on the continent is markedly low (22 kg ha-1) compared to the 

global average (113 kg ha-1) and other intensively cultivated regions, such as Asia (177 

kg ha-1) (FAO, 2024). This corresponds to an average N use of about 14 kg ha-1, far 

below the optimal N requirement and the 50 kg nutrient ha-1 target set in the 2006 Abuja 

declaration on Fertilizer for an African Green Revolution. As a result, this has proven 

detrimental to the continent's food security, resulting in low crop production due to 

insufficient N supply and accelerating soil degradation through nutrient mining, 

estimated at 660 to 700 kg N ha-1 (Dimkpa et al., 2023). Nitrogen mining has been 

identified as the single most important factor limiting crop production (Giller, 2020), 

ultimately, constraining the productivity of agricultural soils, as reflected by the low 

crop production gains of 2% (Edmonds et al., 2009).  

Maize is the principal staple food across SSA and although significant efforts have been 

made in recent decades to improve its production through the development of new and 

improved varieties, average annual yield remain low, ~ 2 t ha-1. Demand for maize, 

however, continues to grow and by 2050, it is expected to increase by 233%, driven by 

rapid population growth in the region (Aramburu-Merlos et al., 2024). This rising 

demand is expected to increase pressure on already nutrient-depleted soils, potentially 

encouraging the exploitation of other volatile ecosystems, such as the encroachment of 

forests to expand the cultivated area. Nevertheless, there remains a considerable 

opportunity for SSA to increase maize production on existing agricultural land to 

narrow the large yield gap. Several studies have also echoed similar views, highlighting 

the need for increased fertilizer use in crop production systems, especially N, to enhance 

yields and reverse soil fertility decline linked to low N inputs (Hickman et al., 2015; 

ten Berge et al., 2019).  
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2.3 Prospects of increasing fertilizer use in crop production 

The renewed focus on increasing fertilizer use, referred to as the ‘Second Green 

Revolution’, is based on the success of the Asian Green Revolution, which took place 

between 1965 and 1990 (Hazell, 2009). The Green Revolution in Asia resulted in higher 

grain production, which was due to a combination of improved seed varieties and 

increased fertilizer use per hectare of farmland, rising from 23.6 to 102 kg ha-1 in 1970 

and 1995, respectively. This initiative boosted grain yields by 178%, making countries 

in the region cereal sufficient (Pathak et al., 2024). To achieve similar agricultural 

success in SSA, several initiatives have been introduced, including the implementation 

of input subsidy programs.  

Until recently, input subsidy programs (ISPs) have been implemented in 12 SSA 

countries, including Nigeria, Zambia, Malawi, Kenya, Rwanda, Tanzania, Senegal, 

Mali, Ghana, Burkina Faso, Burundi and Mozambique (Jayne et al., 2018). Although 

these programs have been influenced by various socio-political factors, they have 

contributed to increased fertilizer use and ultimately improved maize yields. For 

instance, in Kenya, ISPs have elevated maize production by 361 kg grain per 100 kg of 

subsidised fertilizer, while in Malawi and Zambia, it increased by 165-188 kg grain per 

100 kg of fertilizer, respectively (Nhlengethwa et al., 2023). Despite these gains, 

production still fall short of meeting the increasing food demand accelerated by rapid 

population growth. Consequently, Ricker-Gilbert et al. (2024) recommended that the 

private sector should lead the government-led initiative and focus more given to 

smallholder farmers to truly benefit from the program. 

A recent study by Aramburu-Merlos et al. (2024) on maize production in different 

climatic zones in SSA reported that proper management practices should be carried out 

to close the maize yield gap in SSA. For instance, planting hybrid seeds coupled with 
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application of N fertilizer rates of 50 kg N ha-1 would result in a 61% increase in the 

average attainable yield from 1.8 to 2.9 t ha-1. Further, early planting of hybrid seeds 

with N fertilizer at increased planting density would improve the attainable yield 2.4-

fold, from 1.8 to 4.3 t ha-1. This would subsequently narrow the yield gap by 30%. 

Moreover, the study also reported that integrating good agronomic practices coupled 

with doubling the N fertilizer application rate to 100 kg N ha-1 would increase the 

attainable yield to 70% of the potential yield. However, increasing N fertilizer use in 

SSA cropping systems would pose a challenge in enhancing yield while simultaneously 

maintaining high use efficiency due to losses associated with increased N fertilizer use. 

2.4 Nitrogen Use Efficiency (NUE) 

Nitrogen use efficiency (NUE) is a crucial index in crop production systems, as the 

efficient use of N fertilizer in crop production is vital in improving yields and reducing 

ecosystem degradation.  It encompasses the crop’s ability to uptake N vis-à-vis the N 

input (N uptake efficiency) and to convert the acquired N into the final harvested 

product (yield), as well as N utilization efficiency (Hani̇f, 2023). Other indices of NUE 

in crop production include nitrogen recovery efficiency (RE), agronomic efficiency 

(AE), partial factor productivity (PFP), nitrogen uptake efficiency (NUpE), 

physiological efficiency (PE) and partial nitrogen balance (PNB) (Congreves et al., 

2021). The NUE are further categorised into fertiliser-, soil- and plant-based indices. 

Fertilizer-based NUE indices express the amount of fertilizer applied relative to plant 

aboveground biomass, yield, or tissue N-content; they include RE, AE, PFP, and PNB.  

On the other hand, NUpE and PE are soil- and plant-based indices, respectively. NUpE 

expresses plant N-uptake relative to N applied, whereas PE is the ratio of plant tissue 

N converted to grain.  
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A wide body of literature exists on the NUE of crops in different production systems 

(Dobermann, 2005; Fageria & Baligar, 2005; Lassaletta et al., 2014; Omara et al., 2019; 

Govindasamy et al., 2023). A meta-analysis study by Lassaletta et al. (2014) reported 

that the current global N recovered in the final harvest is about 47% of the total N 

inputs. As mentioned earlier, cereals account for half of the synthetic N used globally 

in crop production; however, the global cereal N recovery ranges between 35% and 

65% (Herrera et al., 2016). Therefore, approximately 35 to 65% of reactive nitrogen is 

either lost through various pathways or retained by the soil.  

Additionally, plant N uptake and losses are a function of several environmental and 

management factors, including soil texture, mineralogy, crop type, tillage method, 

meteorological conditions and N fertilizer source, application, timing, rate and 

placement method. Low-input systems often have high NUE, which signifies N 

exploitation and further leads to negative N balances. This is mainly due to the 

overreliance on the mineralization of the organic pool and N-fixation. In contrast, NUE 

is reduced under high N fertilization due to the crops’ inability to utilize N efficiently. 

2.5 N loss from agricultural soils 

Since more than half of the N fertilizer applied is unintentionally lost to the 

environment, agriculture is a significant source of anthropogenic reactive nitrogen (Nr), 

particularly from synthetic N fertilizers. Nr includes all the biologically, 

photochemically and/or radioatively active forms of N, such as the organic compounds, 

inorganic N and chemically active gases in the troposphere (NH3, N2O and NOx) (De 

Vries, 2021). Synthetic N fertilizers account for 63% of all anthropogenic sources of 

reactive N (Dobermann, 2005), considering that less than 50% of N used for crop 

production is recovered in the final harvest. However, some of the N is recovered in the 
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soil, while the rest is lost to the environment through various process, including nitrate 

leaching, ammonia volatilization and nitrous oxide emission (Elrys et al., 2021).  

2.5.1 Nitrous oxide (N2O) emissions 

The global atmospheric nitrous oxide (N2O) concentrations have increased significantly 

by 20%, from 270 ppb in 1750 (preindustrial period) to 331 ppb, currently (Tian et al., 

2020). It is a potent greenhouse gas (GHG) with a 6% radiative forcing and a global 

warming potential 300 times that of carbon (iv) oxide, over 100-year period, 

contributing significantly to climate change (Hong et al., 2023). Once in the 

atmosphere, N2O reacts with high-energy oxygen atoms to form nitric oxide (NO), 

which depletes the stratospheric ozone layer (Portmann et al., 2012). It is estimated that 

its atmospheric concentration is increasing at an average rate of 0.73 ppb per year (Tian 

et al., 2019), and in 2021, N2O levels reached a record high of 2.97 billion metric tons 

of carbon (iv) oxide equivalent (GtCO2e).  

Nitrous oxide emissions primarily result from microbial-mediated biochemical 

processes of nitrification and denitrification (Butterbach-Bahl et al., 2013). Its 

increased accumulation in the atmosphere is mainly attributed to agriculture, which 

contributes to ca. 60% to 70% of the global N2O emissions from N fertilizer (Zhou et 

al., 2012; Zhao et al., 2025). Over the past four decades, fertilizer-induced annual 

global nitrous oxide emissions have increased by 30% to 6.7-7.3 Tg N2O yr-1, and this 

is expected to rise by 30-65 % by 2030 (Ezui et al., 2022). In contrast, N2O emissions 

from SSA agricultural soils are low, contributing between 6 and 19 % of the global 

anthropogenic N2O emissions (Kim et al., 2016; Lemarpe et al., 2021). This is largely 

because agricultural systems in SSA are associated with low inputs (Richards et al., 

2016) and a significant proportion of emissions results from the expansion of 

agricultural areas, which mostly involves the use of fire for clearing vegetation. 
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However, with the recent emphasis on increased N fertilizer use to enhance crop 

production in the region, it is expected that N2O emissions will be altered. 

Due to its significant role in climate change, N2O has gained prominence in recent 

years. As such, it has been studied across different ecosystems within the SSA region 

(Hickman et al., 2011, 2014a, 2014b, 2015; Sommer et al., 2015; Pelster et al., 2017; 

Zheng et al., 2019a; Van Loon et al., 2019; Leitner et al., 2020; Macharia et al., 2020; 

Musafiri et al., 2020; Bigaignon et al., 2020; Wachiye et al., 2020; Lemarpe et al., 

2021; Tesfaye et al., 2021a; Ntinyari & Gweyi-Onyango, 2021; Githongo et al., 2022; 

Tully et al., 2023; Bougma et al., 2025). When quantifying N2O emissions from soils 

in situ measurements using either manual static or automatic chambers, 

micrometeorological and laboratory incubation methods presents the most reliable and 

standard approaches. Unfortunately, the experimental complexity and costs of 

specialist equipment and analyses have limited the use these N2O emission 

measurement techniques. Therefore, several studies have tried to use either empirical 

or process-based methods to estimate N2O emissions in SSA (Grace et al., 2016; 

Albanito et al., 2017; Tian et al., 2020; Tesfaye et al., 2021b). Nevertheless, using these 

methods to estimate N2O emissions from agricultural lands in SSA is highly uncertain 

due to various constraints, such as limited spatial studies on fertilizer-induced N2O 

emissions from croplands and the lack of documentation of input data, including the 

type of fertilizer used, its quantity, and the initial soil properties (Ogle et al., 2013; 

Albanito et al., 2017).  

For this reason, the majority of developing countries use the Intergovernmental Panel 

on Climate Change (IPCC) Tier 1 default emission factor (EF) of 1% to measure nitrous 

oxide emissions from their respective agricultural lands, i.e., the IPCC Tier 1 guidelines 

assume that 1% of N fertilizer applied is directly emitted as N2O (Bougma et al., 2025). 
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However, this is not usually the case, as the reported figure is usually less than 1 kg 

N2O- N ha-1 and thus, might result in the reporting of inaccurate and unreliable data due 

to overestimation, as evidenced by numerous studies measuring N2O emissions from 

arable soils that reported a non-linear relationship between increasing N fertilizer rate 

and nitrous oxide emissions (Hickman et al., 2014, 2015).  

These studies are, however, limited in scope when compared to other regions or even 

globally in terms of spatial coverage and the length of the measurement period, which 

are usually <200 days, which exacerbates the uncertainty in reporting N2O emissions 

at a regional scale since N2O fluxes are a highly spatiotemporal variable. This is further 

supported by findings by Smith et al. (1997), who reviewed the relationship between 

the period of measuring N2O fluxes from agricultural lands to estimate the emissions, 

and discovered that N2O emissions from > 30, > 100 and > 200 days were 0.6%, 1.1% 

and 1.9% respectively. Bouwman et al. (2002) also reported that N-fertilizers have 

longer-lasting effects on N2O emissions past the growing period of the crop. Therefore, 

it is important to increase the length of measurement of in-situ N2O measurements in 

croplands, using automated chamber systems, to effectively determine the fertilizer-

induced N2O emissions and improve reporting in national inventories. 

2.5.2 Nitrate (NO3
-) leaching 

Leaching forms one of the most significant pathways for nitrogen (N) loss in 

agricultural systems, making the process a prominent contributor of nitrate (NO3
-) to 

the hydrosphere and leading to water contamination (Bijay-Singh & Craswell, 2021). 

In agricultural soils, NO3
- ion is formed through the nitrification of ammonium ions 

(NH4
-) derived from synthetic fertilizers. Nitrification is a two-step biochemical process 

involving the oxidation of ammonia in the membrane site of the nitrifying or archaea 

microorganism in the presence of ammonia monooxygenase enzyme (amoA) to nitrite 
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(NO2) (Cameron et al., 2013). This step is aided by the hydroxylamine oxidoreductase 

(HAO) enzyme, which catalyses the reaction between the hydroxylamine (NH2OH) and 

water. The nitrite is further oxidised to nitrate (NO3) by the nitrite-oxidising bacteria 

(Ayiti & Babalola, 2022). However, the produced NO3
- ion is highly water-soluble, 

allowing it to move easily with water that percolates through the soil. This movement 

down the soil profile is facilitated by repulsion from the negatively charged surface of 

clay minerals (Padilla et al., 2018).  

Fertilizer use in agricultural soils is a major source of nitrate leaching worldwide, 

accounting for 30% (0.3 kg N kg-1 N applied) of the total N input, default emission 

factor as used by the Intergovernmental Panel on Climate Change (IPCC) (Eysholdt et 

al., 2022). However, other studies have reported various estimates, 19% (Lin et al., 

2001), 6.7-19% (Zhou et al., 2012), 22% and 15% in wheat and maize systems, 

respectively (Zhou & Butterbach-Bahl, 2014), 14.6% (Wang et al., 2018) and 6-12% 

(Wang et al., 2019). Zhou & Butterbach-Bahl (2014) in their global synthesis, reported 

that NO3
- leaching increased linearly with increasing N application rates and is 

consistent with the IPCC emission factor. However, Wang et al. (2019) found the 

relationship to be non-linear.  

Generally, nitrate leaching varies considerably across agricultural systems due to 

differences in the underlying factors. They include tillage systems, climatic factors 

(precipitation and temperature), N fertilizer management, irrigation, edaphic factors 

(soil structure and texture) and land use systems (forest, agricultural land and 

grasslands) (Cameron et al., 2013; Boy-Roura et al., 2016). A study by Wang et al. 

(2018) on nitrate leaching from vegetable systems across 18 field and greenhouse 

studies in China found a high NO3
- leaching of 79.1 kg N ha-1 from N fertilizer input of 

423 kg N ha-1, with 98 and 59.8 kg N ha-1 in the greenhouse and open-field systems. 
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Further, there was a positive linear response of leaching with increasing N rates, 

irrigation water and the number of growing days, 200%, 121 and 165%, respectively. 

Another meta-analysis in Europe reported NO3
- leaching values of between 3 and 99 

kg N ha-1 in Denmark and 1 to 124 kg N ha-1 across other European countries. These 

values were considerably higher than those reported by Zhou & Butterbach-Bahl (2014) 

across 32 studies, 20 (57.4 kg N ha-1) and 12 ( 29 kg N ha-1) in maize and wheat 

production systems, respectively. However, almost similar NO3
- leaching values were 

observed by Russo et al. (2017) in a maize system in Kenya, which ranged between 40 

and 81 kg N ha-1 when increasing the N application rate to 200 kg N ha-1 plots.   

Furthermore, NO3
- concentration in agricultural soils is a key indicator of microbial-

driven processes since it acts as a precursor during denitrification. Several studies have 

found a positive relationship between soil NO3
--N intensity (the time-weighted 

concentration of NO3
-available for microbial action) and cumulative N2O emissions. 

This further suggests that NO3
- intensity could be used as a proxy to estimate N2O 

emissions from agricultural soils (Yao et al., 2020). To measure soil NO3
- concentration 

in agricultural systems, several methods have been adopted, including the use of 

lysimeters, passive sampler techniques, and soil extraction. However, these methods 

are not without their disadvantages. For instance, it is difficult to measure soil NO3
- 

concentration from a single point over time, as it may measure NO3
- bound to the soil 

matrix and not in solution (Russo et al., 2017). Meanwhile, lysimeters are subject to 

underestimation, especially when the pore spaces are disconnected. Further, in 

situations with large pores, the use of lysimeters may overestimate the pore-water NO3
- 

concentration relative to the bulk soil (Russo et al., 2017).  

Nonetheless, Wey et al. (2021) found a positive relationship when determining autumn 

Nmin using soil extraction and leaching fluxes using suction cups or self-integrating 
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accumulators. Therefore, suggesting that determining Nmin concentration via the 

extraction method could be considered in NO3
- leaching studies, but warns that it is not 

an absolute indicator for nitrate leaching.   

2.5.3 Ammonia (NH3) volatilization 

Agriculture is a major source of ammonia (NH3) volatilisation, contributing 80-95% of 

the total NH3 volatilisation. Global estimates report an average loss of between 10% 

and 19% of the total N applied in agricultural lands and grasslands (Cameron et al., 

2013; Pan et al., 2016; Schwenke et al., 2016; Wu et al., 2021; Hurtado et al., 2024). 

With N fertilizer use increasing across agricultural lands worldwide, NH3 volatilization 

has also increased, by 78% between 1980 and 2018 (Hurtado et al., 2024). In 

agricultural systems, the process could result from either animal urine or ammonium 

fertilizers, in the presence of a urease enzyme, which catalyses the reaction, as shown 

in equations 1 to 3  (Freney et al., 1981): 

𝑯𝟐𝑵 − 𝑪𝑶 − 𝑵𝑯𝟐 + 𝟐 𝑯𝟐𝑶 → (𝑵𝑯𝟒)𝟐𝑪𝑶𝟑   (1) 

(𝑵𝑯𝟒)𝟐𝑪𝑶𝟑 + 𝟐 𝑯+ → 𝟐 𝑵𝑯𝟒
+ + 𝑪𝑶𝟐 + 𝑯𝟐𝑶   (2) 

𝑵𝑯𝟒
+ + 𝑶𝑯− → 𝑵𝑯𝟑 + 𝑯𝟐𝑶      (3) 

Once in the atmosphere, NH3 acts as a precursor to atmospheric fine particulates (PM2.5) 

by neutralizing acids such as sulphuric acid, hydrochloric acid, and nitric acid 

(Ramalingappa et al., 2023). In this process, ammonium salts are formed, which 

contribute to air pollution. Ammonia gas can also re-enter the ecosystem as dry or wet 

deposits, leading to eutrophication of inland and coastal waters, soil acidification, and 

ultimately, biodiversity loss. The re-entry of NH3 into the ecosystem is a significant 

source of indirect N2O emissions from terrestrial ecosystems, accounting for annual 

indirect N2O emissions ranging from 0.1 to 0.16 million tons (Wu et al., 2021). The 
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interplay between meteorological conditions, edaphic factors, sources of ammonia, and 

fertilizer management strategies governs the volatilization process. A global study by 

Pan et al. (2016) reported that NH3 volatilization was positively related to increasing N 

application rates (180.7%), but negatively related to deep placement of fertilizer 

(54.7%), irrigation (34.5%), residue retention (25.5%), and urease inhibitors (53.7%). 

Additionally, ammonia (NH3) volatilization can occur through plants during gaseous 

exchange via the stomata. Plants consistently emit NH3 throughout their growth cycle, 

driven by the higher partial pressure of NH3 in the apoplast relative to the surrounding 

air (Hayashi et al., 2011). However, this process is regulated by the atmospheric NH3 

concentration and the ammonia compensation point (ACP), point at which NH3 uptake 

or emission reaches equilibrium. For instance, when the ACP exceeds the ambient NH3 

concentration, NH3 emission occurs; conversely, when it is lower, NH3 is absorbed by 

plants.  

In agricultural fields, the atmospheric NH3 concentration typically ranges from 1 to 14 

µg m-3, but this value can increase after urea application, while the ACP values vary 

between 0.7 and 4.2 µg m-3 NH3. The ACP is regulated by light intensity, crop growth 

stage, N nutrition status of the crop, internal CO2 concentration and air temperature 

(Schoninger et al., 2018). A study by Hayashi et al. (2011) attempted to quantify NH3 

emission from the flag leaf of rice in Japan and reported emission ranges of 25 to 38 ng 

N cm-2 ha-1 and 22 ng N cm-2 ha-1 during the day and at night, respectively. Although it 

was expected that leaf senescence would accelerate the NH3 emission, the study 

reported no variations as the flag leaf senesced from heading to maturity stages. 
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2.5.4 Denitrification 

Denitrification is an anaerobic multi-stepwise microbial reduction of either NO3
- or 

NO2
- to dinitrogen (N2) in the presence of four different enzymes (de Sousa & Bhosle, 

2012). The four enzymes include (i) the nitrate reductase (NaR), which reduces NO3
- 

to nitrite (NO2
-) and its production is induced by the availability of NO3

- under reduced 

O2 concentration; (ii) nitrite reductase (NiR) reduces NO2
- to NO; (iii) nitric oxide 

reductase (NOR) reduces NO to N2O and (iv) nitrous oxide reductase reduces N2O to 

N2 as shown in equation 4.  

𝑵𝑶𝟑
− → 𝑵𝑶𝟐

− → 𝑵𝑶 → 𝑵𝟐𝑶 → 𝑵𝟐      (4) 

Globally, it is estimated that coastal and marine, terrestrial, and freshwater ecosystems 

account for 58%, 22%, and 20% of total denitrification, respectively (de Sousa & 

Bhosle, 2012). In terrestrial ecosystems, soil denitrification converts 30-60% of 

reactive nitrogen (Nr) into inert nitrogen gas (N2), making it a key process in the global 

N cycle (Wang et al., 2018). However, this also represents a major pathway of N loss 

that could otherwise support crop production or if excessive, contribute to ecosystem 

degradation. Globally, it is estimated that 20-87 Tg N is lost from arable soils annually 

and approximately 85% of this loss occurring as N2 (Battye et al., 2017; Pan et al., 

2022). Despite its significance, our understanding of N2 emissions and their extent 

globally remains limited, partly due to the high background concentration of 

atmospheric N2, which makes constrains measurements. Although several studies have 

attempted to quantify soil denitrification, surprisingly very few studies have been 

conducted in Africa.  

Several edaphic, environmental and management factors strongly influence the rate of 

soil denitrification (Luo et al., 1999; Hofstra & Bouwman, 2005; Clark et al., 2020; 
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Pan et al., 2022). A global study by Pan et al. (2022) on 3367 observations from 225 

studies globally reported an average daily loss of 0.25 kg N ha-1 across 648 field 

observations through soil denitrification, with an overall emission factor (EFD) of 4.8% 

across different agricultural soils. The study further reported of increase in soil 

denitrification with increasing soil water-filled pore spaces, NO3
- and mineral N content 

and soil temperature. Similarly, the N2 emissions were positively related to soil mineral 

N and water-filled pore spaces. Additionally, increasing N application rates enhanced 

the soil denitrification rate and N2 emissions by 219% and 204%, respectively. NO3
--

based fertilizers particularly enhanced the soil denitrification rate (199%), while the 

NH4
+-based fertilizers reduced N2 emissions (56%). Soil management practices such as 

the addition of lime, irrigation and retention of residues increased the denitrification 

rate by 52%, 75% and 144%, respectively. On the other hand, applying biochar and the 

use of nitrification inhibitors reduced denitrification rates by 38% and 41%, 

respectively.  

Similar findings were also reported by Wang et al. (2018), who observed that increasing 

N application rates elevated soil denitrification by 174%; however, this increase was 

exponential with increasing N rates of < 250 kg ha-1 in both agricultural and grasslands. 

Overall, the global synthesis found that denitrification was higher in grasslands than in 

agricultural lands, 271% and 147%, respectively.  

2.6 Consequences of reactive nitrogen (Nr) losses in the ecosystem 

The N cycle has been significantly altered in the past century by human activities, 

especially since the discovery of the Haber-Bosch process (Li et al., 2025), which 

artificially fixes nitrogen under high temperatures and pressures to produce ammonia 

(NH3). This process is a major source of synthetic nitrogen and generates about 210 Tg 

of Nr annually, compared to 203 Tg produced through natural processes. As a result, 
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doubling the global N cycle (Fowler et al., 2013) and the Nr loading to the ecosystem 

has surpassed the ‘planetary boundary’ as illustrated in Figure 1. The planetary boundary 

framework was adopted in 2009 and its main aim was to define ‘a safe operating space 

for the human population to thrive based on our evolving understanding of the 

functioning and resilience of the Earth System (ES) (Steffen et al., 2015). This was 

done by setting the planetary boundary at 25% of the total amount of newly generated 

reactive N (Razon, 2018). 

Studies have placed the current geological period as the Anthropocene, where 

anthropogenic activities have rapidly deviated the Earth System from the stable 

Holocene state of the past 12,000 years (Steffen et al., 2015; Rockström et al., 2023). 

When there is increased Nr loss into the environment, it cascades through the 

atmosphere, aquatic and terrestrial ecosystems (Erisman et al., 2013), consequently 

leading to air pollution, acidification of terrestrial and aquatic systems, eutrophication, 

biodiversity loss and the greenhouse effect (Gong et al., 2024) as shown in Figure 2. 

This makes Nr one of the top five emerging threats to humanity and the planet as a 

whole. Specifically, increased NOx emissions can lead to the accumulation of ozone 

(O3) in the troposphere (Nguyen et al., 2023). Ozone in the troposphere acts as a 

powerful oxidant and a primary constituent of photochemical smog, which causes 

respiratory diseases in humans (Donzelli & Suarez-Varela, 2024). Increased O3 in the 

atmosphere can also lead to crop loss, especially when taken in by plants during gaseous 

exchange. Global estimates have reported yield losses ranging between 3 and 16% in 

wheat, rice and maize (De Vries, 2021). Furthermore, the elevated N deposition as a 

result of increased Nr in the atmosphere is also responsible for biodiversity loss, as N 

deposition levels exceeding 5-10 kg N ha-1 yr-1 reduce plant species diversity since more 

nitrophillic species thrive under such conditions.  
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Figure 1: Estimates of the safe Earth Systems Boundaries (illustrated by the 

dark red colour), just Earth Systems Boundaries (blue), where safe and just 

ESBs align (green) and the current global estimates (denoted by the Earth 

icons). Source: (Rockström et al., 2023) 

Figure 2: Nr effects on the ecosystem, the red bar indicates the exceedance 

of the effects of reactive nitrogen (Nr) for the ecosystem or human 

population, while the blue bar shows the Nr contribution to the total effect 

relative to other causes of the problem. Adopted from (Erisman et al., 2013) 
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CHAPTER THREE 

METHODOLOGY 

3.1 Study Site Description 

The experiment was laid out at the Outreach and International Students Centre (OISC) 

agricultural research field at the University of Eldoret, Uasin Gishu County. The county 

is located between latitudes 0° 03'' S and 0° 55'' N and longitudes 34° 50'' E and 35° 37'' 

E (Figure 3). and is 2100 m above sea level in the highlands of the Rift Valley. The 

county consists of three main agroecological zones (AEZs), which are further 

subdivided into seven distinct sub-zones. The AEZs in the county include the Upper 

Highland zones (UH1 and UH2) and the Lower Highland zones (LH1 and LH2 in the 

southern areas; Upper Midland zone (UM4) in the western and northwestern areas; and 

the Lower Highland 3 zone, which extends across most parts of the county, including 

the study site (Jaetzold & Schmidt, 1983).  

Uasin Gishu County has a subtropical highland climate, with an average annual 

temperature of 19.2 °C and an average rainfall of about 2027 mm over the past decade 

(FAO, 2023). Rainfall distribution in the county follows a unimodal pattern, featuring 

two distinct peaks occurring between March and September and between May and 

August, while the dry period extends from November to February. This rainfall pattern 

supports only one cereal cropping season yearly. The main annual crops grown in the 

county include maize, Irish potato, wheat, barley and sunflower, while perennial crops, 

such as coffee and various fruit trees, including avocados, are also cultivated.  

The county’s soils are predominantly Ferralsols and Nitisols, which have developed 

from tertiary intermediate volcanic and basement rock systems. However, Ferralsols 

dominate the study area and are characterized by a red-brown colour and ferralic B 

horizon (whose clay fraction constitutes low-activity clays and sesquioxides (oxides 
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and hydroxides of Aluminium and Iron). These soils have weak to strong angular 

blocky structures and are well-drained. However, they also possess low fertility 

resulting from low nutrient adsorption capacity (IUSS Working Group WRB, 2022). 

Despite this, the county plays a significant role in food production in Kenya because of 

its contribution to the dairy sector and high production of maize and wheat, with an 

average production of 364,102.3 and 34,662 MT, respectively (Agriculture and Food 

Authority, 2021; Kenya National Bureau of Statistics, 2023). Therefore, contributing 

immensely to the economy of the county, which is mainly agro-based with varying 

farming systems consisting of both small-holder and highly mechanized large-scale 

farmers.   

 

 

Figure 3: Study location at the Outreach and International Student Centre 

(OISC), University of Eldoret, Kenya 
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3.2 Experimental design and layout 

Figure 4 shows the experimental design and layout of the units. The experiment was 

an on-station field experiment consisting of six (6) nitrogen fertilizer rates arranged in 

a Randomized Complete Block Design (RCBD) and replicated thrice, thus, a total of 

18 experimental units (Figure 4). The rates included 0, 25, 50, 75, 100 and 125 kg N 

ha-1. The experimental units measured 3 m by 4 m (each plot having a total area of 12 

m2 and an effective sampling area of 6m2 (2 by 3 m), separated by 1 m and 1 m buffers 

between blocks and plots, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Experimental design and layout of treatments 0, 25, 50, 75, 100 and 125 

kg N ha-1 replicated thrice 
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3.3 Experiment set-up and agronomic practices 

Maize seeds (two) of variety H6213 were sown at the beginning of the rainy season 

(April 2024) at a depth of 5 cm on tilled plots. They were spaced at intervals of 0.25 m 

within the rows and 0.75 m between rows. During planting, in the fertilized plots, one-

third of the N nutrient was applied in the form of urea (46% N), with the remaining 

two-thirds split and applied later. The first split was applied during the 6th week after 

planting (WAP), while the second was applied during the silking stage (13th WAP, 

except for the control, and this was done through spot application. Additionally, all 

plots, except the control, received the recommended application rate of 30 kg P 

planting.  

3.4 Data Collection 

3.4.1 Soil sampling for monitoring of NH4
+-N and NO3

--N 

The initial soil sampling was carried out before setting up the experiment for initial soil 

characterization. In each plot, a series of nine soil cores was sampled randomly, using 

an auger of diameter 5 cm, to a depth of 60 cm, at an increment of 0 – 20 cm, 20 – 40 

cm and 40 – 60 cm, and later composited to form one representative sample for each 

depth. The subsequent soil sampling regime was carried out in every experimental unit 

from two points along the two inner rows. Sampling was done within the effective 

sampling area of 6 m2 (2 m by 3 m) at varying depths of 0-20 cm, 20-40 cm and 40-60 

cm. The samples were collected at varying frequencies of 14, 21, 42, 56, 70, 95, 112, 

127, 165, 195, 224, 238, 287, 301 and 329 days after planting (DAP). The surface layer 

(0-20 cm) was sampled throughout the stated times, while the subsequent depths were 

only sampled on some dates due to the complexities involved in obtaining the sample 

and the need to preserve the integrity of the plots.  
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3.4.2 N2O Measurement   

i.  Chamber Design and Deployment 

The N2O fluxes were measured using an automated static non-steady state flow-through 

chamber system for 329 days. Before planting, chambers were placed between rows 

Figure 5 on stainless steel bases (0.5 by 0.5 m) initially driven into the soil to a depth 

of 10 cm. The chambers and bases were sealed tightly using a rubber gasket and 

remained in place for the whole evaluation period. The chamber design and 

specifications were as described by Clough et al. (2020). For example, lids were 

insulated with a reflective foil tape to preserve and maintain the air temperature within 

the headspace during flux measurements. The inside of each chamber was fitted with 

two fans to constantly mix the air and eliminate possible bias from vertical gas 

concentration gradient when the lids were closed during gas sampling. Moreover, the 

chambers were equipped with a vent to prevent a pressure gradient between the interior 

and the exterior of the chambers during N2O flux measurement. An additional 

temperature sensor was fitted to the side of each chamber and used to take temperature 

readings within the headspace of the chambers. Figure 5 gives an illustration of the 

chamber deployment in an experimental plot. 

 

 

 

 

 

 

 

Chamber 

Maize rows (75 cm 

Figure 5: An illustration of chamber deployment within an experimental unit 
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ii. Actual N2O flux measurement  

The sampling regime was weekly (during the weekends, starting from Friday evening 

to Monday morning) and 47 measurements were made throughout the whole evaluation 

period on five N fertilizer levels, 0, 25, 50, 100 and 125 kg N ha-1.  For individual 

measurement from each chamber, a tube connected to the outside of a sampling port 

was used to sample the gas within the headspace to the PICARRO gas analyser past a 

solenoid valve Figure 6. The PICARRO gas analyser employs the cavity ring-down 

spectroscopy (CRDS) principle to determine N2O concentration in parts per billion 

(ppb). Furthermore, the analyser had to always be connected to a vacuum pump 

(A2000), which maintained the cavity pressure inside the analyser. 

 

 

 

 

 

 

 

 

iii. Estimation of N2O fluxes for missing data  

During N2O data collections, there were extended periods with data gaps due to 

faulty instrumentation. To fill these data gaps, separate imputations were carried 

out for each chamber using a random forest model in Python to estimate the weekly 

fluxes during this period. The predictor variables included data on rainfall (mm), 

Figure 6: An automated chamber system schematic 
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soil temperature (°C), moisture content (%), oxygen concentration and fertiliser 

decay (an exponential decay model with a half-life of ~1 year, accounting for initial 

application and restart dates). Various measures were used to analyse the 

performance of the model, which consisted of the determination coefficient (R2), 

root mean square error (RMSE) and mean absolute error (MAE). The model outputs 

are shown in Appendix XVI to XX 

iv. Determination of Daily, Cumulative and Yield-scaled N2O emissions and 

the Emission factors  

a. Determination of N2O fluxes  

The N2O fluxes were estimated according to the following equation (Zheng et al., 

2019b): 

𝑭 = (∆𝒄 × 𝑽𝒄𝒉  × 𝑷 × 𝑴𝑾𝑵𝟐𝑶 × 𝟏𝟎−𝟐 𝑹 × 𝑻 × 𝑨𝒄𝒉⁄ )  (5) 

Where F is the N2O flux (µg N2O-N m-2 h-1); ∆c is the rate of change in the mixing ratio 

of N2O in the chamber air (ppbv h
-1); Vch is the volume of the chamber (cm-3); P is the 

pressure (atm); MW is the molecular weight of N2O (28.0134 g mol-1); R is the gas 

constant (0.08206 L atm mol-1 K-1); T is the temperature (K); and Ach is the base area 

of the chamber (cm2)  

The hourly fluxes (µg N2O-N m-2 h-1) were then upscaled to daily fluxes (g N2O-N ha-

1 d-1) by multiplying the chamber fluxes by 0.24.  

b. Annual Cumulative N2O emissions  

The measured and estimated fluxes were used to compute the cumulative annual N2O 

emissions for each N application rate using the trapezoidal integration with linear 

interpolation of fluxes between two sampling times (Zebarth et al., 2012). The total 
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summation was then divided by the total number of days of the measurement period 

and multiplied by 365 (the number of days in a year). 

c. Yield-scaled N2O emissions (YSE) 

YSE reflects the amount of N2O emitted per unit of grain yield produced and was 

calculated as follows: 

𝒀𝑺𝑬 =  𝑪𝒖𝒎 𝑵𝟐𝑶 𝒇𝒍𝒖𝒙𝒆𝒔 𝒈𝒓𝒂𝒊𝒏 𝒚𝒊𝒆𝒍𝒅⁄   (6) 

Where, YSE = yield-scaled N2O emissions (g N2O kg-1 grain yield; Cum N2O fluxes = 

annual N2O fluxes (kg N2O-N ha-1 yr-1); and grain yield (kg ha-1) 

d. Emission factors (EF)  

EF represents the proportion of N fertilizer lost as N2O compared to the background, of 

each N fertilization level and was estimated using equation 7 (de Klein et al., 2020): 

𝑬𝑭 (%) = (
𝑵𝟐𝑶𝒇−𝑵𝟐𝑶𝒐

𝑵𝒂𝒑𝒑
) × 𝟏𝟎𝟎    (7) 

Where EF = emission factor (%); N2Of = annual cumulative N2O fluxes in the N-

fertilised plot (kg N2O-N ha-1 yr-1); N2Oo = annual cumulative fluxes in the non-

fertilised plot (kg N2O-N ha-1 yr-1); and Napp = amount of N applied in the respective 

plot (kg N ha-1).  

3.4.3 Meteorological Measurement 

Daily atmospheric conditions were measured using two ATMOS 41 - Meter Group all-

in-one weather stations for the duration of the study. The stations have 12 embedded 

sensors that measure solar radiation, precipitation, air temperature, relative humidity, 

atmospheric pressure and wind speed and direction. The weather stations are connected 

to two ZL6 pro data loggers (METER Group, Inc.-Pullman, WA, USA), which possess 

a built-in solar panel for extended deployments and offer 15-minute real-time data 
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uploads with automatic cloud data backup. Furthermore, the ATMOS 41 was also 

connected with soil moisture/temperature (TEROS 11) and oxygen concentration (SO-

411) sensors, which extend 15 cm into the soil. 

3.4.4 Maize harvesting: Grain yield, biomass and dry matter estimation 

To estimate the biological yield, the number of plants and maize cobs within the 

effective sampling area (ESA) of 6 m² (2 m by 3 m) in each plot was recorded at 

physiological maturity (195 DAP). The stalks were then cut and weighed in the field, 

and this weight was used to estimate the aboveground biomass. A subsample was then 

collected from each plot by chopping two randomly selected stovers and recording their 

weights (fresh). This was followed by drying in the greenhouse for two weeks to reduce 

the moisture content before determining the dry weight. The fresh and dry weights were 

then used to calculate the moisture fraction, which was factored into the dry matter 

estimation. 

Maize cobs from the sampling area were harvested and weighed, then randomly 

selected subsamples of six cobs (from the largest to the smallest) were collected, and 

their fresh weight was measured within 24 hours of harvesting. The subsamples were 

then dried in the greenhouse for three weeks to reach a moisture content of less than 

15%. Afterwards, the cobs were shelled, and the grain weight was determined. The 

yield estimation was calculated using equation 8 (Murrell & Chivenge, 2023): 

𝒀𝒊𝒆𝒍𝒅 𝒐𝒇𝒕𝒉𝒆 𝑬𝑺𝑨 (𝒌𝒈) =
𝒕𝒐𝒕𝒂𝒍 𝒇𝒓𝒆𝒔𝒉 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒄𝒐𝒃𝒔

𝒇𝒓𝒆𝒔𝒉 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒕𝒉𝒆 𝒔𝒖𝒃𝒔𝒂𝒎𝒑𝒍𝒆𝒔 𝒄𝒐𝒃𝒔
× 𝒅𝒓𝒚 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒈𝒓𝒂𝒊𝒏𝒔 

𝒀𝒊𝒆𝒍𝒅 (𝒕 𝒉𝒂−𝟏) = [(𝒀𝒊𝒆𝒍𝒅 𝒐𝒇 𝒕𝒉𝒆 𝑬𝑺𝑨 𝒂𝒓𝒆𝒂 ×  𝟏𝟎𝟎𝟎𝟎 𝒎𝟐

𝟔𝒎𝟐⁄ ) ÷ 𝟏𝟎𝟎𝟎 𝒌𝒈] (8) 
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3.5 Laboratory Analysis 

3.5.1 Sample Preparation  

The samples (soil and plant) were air-dried in the greenhouse for two weeks, except for 

the mineral N soil samples. The air-dried soil was passed through 2 mm and 60 mesh 

sieves, whereas the dried plant samples were ground to pass through a sieve. 

3.5.2 Soil Analysis 

a. Chemical Analysis 

The air-dried soil samples underwent chemical analysis for soil pH (in a 1:2.5 soil-

water suspension), available phosphorus, organic carbon, and total nitrogen using 

standard procedures described by Okalebo et al. (2002).  

i. Soil pH 

The soil pH was determined on a 2.5:1 soil water suspension ratio (50 ml of distilled 

water to 20 g air-dry soil). First, the suspension of each sample was stirred for 10 

minutes, left to stand for 30 minutes, before shaking again for 2 minutes. The pH of the 

suspension was then measured using a soil pH meter equipped with a glass electrode. 

ii. Available phosphorus 

The available phosphorus (P) content was measured using extraction followed by 

colorimetric determination. 50 ml of sodium hydrogen carbonate (NaHCO3) adjusted 

to pH 8.5 was added to 2.5 g air-dry soil at a ratio of 20:1 soil to extractant solution. 

The mixture was then stirred for 30 minutes before filtering the suspension. This was 

followed by a colorimetric determination of soil P in the filtrate by adding 5 ml and 10 

ml of 0.8M Boric acid and ascorbic acid, respectively, before topping to the 50 ml mark 

using distilled water. The final solution was left to stand for an hour before measuring 
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the absorbance at 880 nm using a UV spectrometer. The available P was calculated 

using the following equation 9. 

𝑷 (𝒎𝒈 𝒌𝒈−𝟏) =  
(𝒂−𝒃)×𝒗×𝒇×𝟏𝟎𝟎𝟎

𝟏𝟎𝟎𝟎×𝒘
   (9) 

Where a is the P concentration in the sample, b is the P concentration in the blank, v is 

the extractant solution volume, f is the dilution factor and w is the sample weight (2.5 

g). 

iii. Soil organic carbon 

The soil organic carbon was determined using oxidation and titration methods. A 

mixture of 0.1 g of air-dried soil (passed through a 0.25 mm sieve), 5 ml of potassium 

dichromate, and 7.5 ml of concentrated sulfuric acid was placed on a pre-heated block 

at 155 °C for 30 minutes. The digest sample was then quantitatively transferred to a 

conical flask with distilled water. Three drops of 1, 10-phenanthroline monohydrate – 

ferrous sulfate solution (indicator) were added. The solution was titrated against ferrous 

ammonium sulfate solution, with the endpoint marked by a colour change from green 

to brown. The soil organic carbon was calculated as shown in equation 10. 

 𝑶𝑪 (%) =  
𝑻 × 𝟎.𝟐 × 𝟎.𝟑

𝒘
               (10) 

Where T is the titration volume, given by the difference between the sample and blank 

titres and w is the sample weight 

iv. Soil total nitrogen  

Total soil N was determined using the Kjeldahl method, which involves the complete 

oxidation and subsequent spectrometric analysis. Briefly, 0.3 g of air-dried soil was 

mixed with 4.4 ml of digestion solution and digested in a block digester at 360 °C for 

two hours until the solution became clear. The digest was then transferred qualitatively 

to a 50 ml volumetric flask and topped distilled water up to the mark. The total N 
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content in the aliquot was quantified colorimetrically after adding 5 ml of N1 and N2 

reagents to 0.2 ml of the digest sample and absorbance reading at 650 nm using a UV 

spectrophotometer.  

v. Soil mineral N (NH4
+ and NO3

-)  

Ammonium (NH4
+) and nitrate (NO3

-) concentrations in fresh soil samples collected 

from depths of 0-20, 20-40 and 40-60 cm were determined by extracting the samples 

with 0.5 M K2SO4 and subsequent colorimetric analysis at 655 and 419 nm, 

respectively. The concentration of NH4
+ and NO3

--N was computed as shown in 

equation 11: 

𝑵𝑯𝟒
+/𝑵𝑶𝟑

− − 𝑵 (𝒎𝒈 𝒌𝒈−𝟏) =
(𝒂−𝒃)×𝒗×𝑴𝑪𝑭×𝟏𝟎𝟎𝟎

𝒘
           (11) 

Where a is the concentration of either NH4
+- and NO3

--N in the sample solution; b is 

the concentration of NH4
+- and NO3

- -N in the blank solution; v is the volume of the 

extract; MCF is the Moisture Correction Factor; f is the multiplication factor; and w is 

the weight of the fresh soil.  

vi. Mineral N Intensity 

To estimate the magnitude of mineral N accumulated during the entire length of the 

measurement period, a temporal linear interpolation equation was used (Burton et al., 

2008), as shown in equation 12: 

    𝑵𝑰 =  
∑ {([𝑵]𝒊+𝟏+[𝑵]𝒊)/𝟐  ×(𝒕𝒊+𝟏−𝒕𝒊)} 𝒏

𝒊=𝟎

𝒕𝒏−𝒕𝒐
                      (12) 

Where NI = N intensity (mg d kg-1); N = mineral N concentration (mg kg-1); i = previous 

sampling day; n = number of days during the measurement period; ti = previous 

sampling day; and ti+1 = subsequent sampling day. 

a. Physical analysis 
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i. Soil bulk density 

A metal core ring of diameter 5 cm and height 5 cm was driven into the soil surface 

after initially scraping off 2 cm. The sample was then dried at 105 °C for 48 hours in 

an oven and recorded the dry weight. The soil bulk density was then calculated using 

equation 13: 

𝝆𝒔(𝒈 𝒄𝒎−𝟑) =
𝑴𝒔

𝑽𝒕
               (13)    

Where Mw is the Mass of water (g), given by the difference between the mass of the 

core ring + fresh soil and mass of the core ring + dry soil; Ms is the mass of the dry soil 

(g); ρs is the soil bulk density and Vt is the total volume of the soil.  

ii. Soil particle size analysis 

The proportion of sand, silt and clay was determined using the hydrometer method, 

where 50 g of soil saturated with water was dispersed using 10 ml of 10% sodium 

hexametaphosphate solution and left to stand for 10 minutes. This was followed by 

transferring the solution into a dispersing cup and stirring for 2 minutes using an electric 

stirrer. The suspension was thereafter transferred into a 1000 ml measuring cylinder 

and topped up to 1130 ml using water after inserting the hydrometer. Further, the 

suspension was mixed by inverting the cylinder 10 times before recording the 

hydrometer and temperature readings at 40 seconds (H1 and T2, respectively). A repeat 

of inverting the cylinder 10 times was done and the cylinder was left to stand for two 

hours undisturbed before recording the hydrometer and temperature readings (H2 and 

T2, respectively). The temperature readings were used in correcting the hydrometer 

readings at both times, 40 seconds and two hours. The proportions of individual 

particles were calculated as follows: 

     𝑺𝒂𝒏𝒅 % =  
(𝒂−𝒃)

𝒂
× 𝟏𝟎𝟎          (14) 

   𝑪𝒍𝒂𝒚 % =  
𝒄

𝒂
× 𝟏𝟎𝟎           (15) 
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𝑺𝒊𝒍𝒕 % = 𝟏𝟎𝟎 − (𝒔𝒂𝒏𝒅 % + 𝒄𝒍𝒂𝒚 %)         (16) 

Where a is the weight of the soil (50 g), b is the hydrometer reading at 40 seconds, c is 

the hydrometer reading at two hours. 

iii. Soil moisture content 

The soil moisture content was determined gravimetrically by weighing 20 g of a fresh 

soil sample and drying in an oven at 105 °C for 24 hours. The soil moisture content was 

then used to calculate the moisture correction factor for estimating soil mineral N 

concentration. The calculation was as follows: 

𝝎 =
𝑴𝒘

𝑴𝒔
              (17) 

𝑴𝑪𝑭 =
𝟏−𝝎

𝟏
              (18) 

Where ω is the gravimetric water content; Mw is the mass of water, g (computed by the 

difference between the mass of fresh soil and dry soil; Ms is the mass of dry soil, g and 

MCF is the moisture correction factor 

3.5.3 Plant tissue analysis 

Dried tissue samples of leaves, grain and stover were ground to pass through a 60-mesh 

sieve, followed by N content analysis. The N content analysis employs the principles 

of the Kjeldahl method, which involves oxidation followed by colorimetric 

determination. The ear leaf, grain and stover samples were digested at 360 °C for 2 

hours with concentrated sulphuric acid in the presence of lithium sulfate, a catalyst 

(selenium powder), and hydrogen peroxide, which oxidizes the organic matter. The 

concentration of N in the digest was then determined colorimetrically using a UV 

spectrophotometer at a wavelength of 650 nm (Okalebo et al., 2002).  

The N content was then used to calculate N uptake by the grain and the whole plant, as 

illustrated below: 

𝑮𝑵𝑼 = 𝒀 × 𝑵 (%)               (19) 
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𝑻𝑵𝑼 = 𝑫𝑴 × 𝑵(%)               (20) 

Where GNU = Grain N uptake (kg ha-1); Y = Grain yield (kg ha-1); N = N content (%); 

TNU = Total plant N uptake (kg ha-1); and DM = Dry matter (stover + grain weight, kg 

ha-1). 

 3.6 Nitrogen Use Efficiency (NUE) 

The N concentration in maize tissues was used to calculate different aspects of nutrient 

use efficiencies (NUE) according to the equations shown below (Dobermann, 2007; 

Congreves et al., 2021; Govindasamy et al., 2023): 

i. Recovery efficiency 

This is the relative increase in N uptake by the plant per unit of N applied, with 

acceptable ranges of 0.30 and 0.50 kg kg-1 N. 

𝑹𝑬𝑭𝒆𝒓𝒕𝑵 =
𝑻𝑵𝑼𝑵−𝑻𝑵𝑼𝒐

𝑵𝒂𝒑𝒑
             (21) 

ii. NUEgrain  

This is the proportion of N fertilizer allocated to yield, in this case. NUEcrop values of 

> 1 and < 1 denote net removal and surplus, respectively. 

𝑵𝑼𝑬𝒈𝒓𝒂𝒊𝒏 =  
𝑮𝑵𝑼 

 𝑵 𝒂𝒑𝒑 
                         (22) 

iii. Physiological efficiency 

This is the fraction of plant N that is converted to yield, while also accounting for yield 

and uptake in the non-fertilised plot. The optimum ranges lie between 30 and 60 kg kg-

1  

𝑷𝑬 =  
𝒀𝑵−𝒀𝑶

𝑻𝑵𝑼𝑵−𝑻𝑵𝑼𝑶 
              (23) 
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iv. Agronomic efficiency 

This is the relative yield increase per unit of N applied and ranges between 10 and 30 

kg grain yield kg-1 N 

𝑨𝑬 =  
𝒀𝑵−𝒀𝑶 

 𝑵 𝒂𝒑𝒑
               (24) 

v. Partial factor productivity 

This is the expression of yield per unit of N fertiliser applied 

𝑷𝑭𝑷 =  𝒀 𝑭⁄  𝒐𝒓 (𝒀𝒐 𝑭) + 𝑨𝑬⁄             (25)  

 

vi. Partial N balance  

This is the ratio of plant N content to the amount of N fertiliser applied. A value of > 1 

indicates N mining, while < 1 shows surplus N supply. 

𝑷𝑵𝑩 = 𝑻𝑵𝑼/𝑵𝒂𝒑𝒑              (26) 

Where REFertN is the recovery efficiency of the N fertilizer applied (kg kg-1 N; TNUN is 

the total plant N uptake in the fertilized plot (kg kg-1); and TNUO is the total N uptake 

in the control plot (kg kg-1); NUEcrop is the nitrogen use efficiency; PE is the 

physiological efficiency (kg grain yield kg-1 N); YN is the yield of the N fertilized plot; 

YO is the yield of the non-fertilized plot; AE is the agronomic efficiency and PFP is the 

partial factor productivity. 

3.7 Statistical Analysis 

Data were analysed using R statistical software version 4.5.0 (R Core Team, 2025). A 

Linear mixed effects model  (lme) (Bates et al., 2015) was adopted to evaluate the 

effects of N application rates on the Nmin variables at each depth during the growing 

and fallow periods. Where N rates and depth were fixed effects, whereas replicates and 

sampling time were treated as random effects to get the random intercept and slope of 

each plot due to the seasonal effect of sampling time. A one-way ANOVA was used to 
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determine the effects of N application rate on grain and biomass yield, grain N, grain 

and biomass N uptake, N harvest index and the NUE indices. Thereafter, the means 

were separated at 5% level of significance. To better capture the relationship between 

Nmin (variables) and environmental factors, Pearson correlation coefficients were 

determined to identify the regulating factors.  
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CHAPTER FOUR 

RESULTS 

4.1 Initial soil characteristics 

The initial soil characteristics of the experimental site are presented in Table . In general, 

the upper soil layer (0-20 cm) exhibited higher nutrient concentrations compared to the 

subsequent depths, except for the soil pH, which increased with increasing depth. The 

soil pH was strongly acidic (4.84) with adequate organic carbon (1.92%), sufficient 

available phosphorus and NO3
- - (17.38 and 22.41 mg kg-1, respectively) and low total 

N (0.1%) and Ammonium-N (1.55 mg kg-1).  

At the 20-40 cm depth, a similar trend to the surface horizon was observed, with the 

soil pH being strongly acidic (4.91), moderate organic carbon (1.9%), and sufficient 

available phosphorus (10.29 mg kg-1) and Nitrate-N (14.83 mg kg-1). A low 

concentration of NH4
+-N (1.1 mg kg-1) and total N (0.08%) was also exhibited at this 

depth. In contrast to the soil pH in the preceding depths, soil pH in the deeper layer, 40-

60 cm, was moderately acidic (5.14), with inadequate organic C (1.45%) and sufficient 

NO3
- -N (10.54 mg kg-1). Whereas, total N, available P and NH4

+-N concentrations 

were all insufficient, 0.07%, 5.39 and 1.36 mg kg-1, respectively. The soil textural class 

across the three depths was classified as Sandy clay loam, Sandy clay and Clay for 0-

20, 20-40 and 40-60 cm, respectively. 
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4.2 Meteorological data 

Figure 7 shows the precipitation and soil moisture and temperature data obtained during 

the study period. The total rainfall received during the evaluation period amounted to 

1131.1 mm, with 843.3 mm during the maize growing season and 287.9 mm in the 

fallow period. The highest cumulative rainfall was received during the initial growing 

stages (42 DAP), which accounted for 38.7% (326.2 mm) of the total growing season 

rainfall. This data was further subset into cumulative and average values between each 

consecutive sampling time for correlation analysis with select soil chemical properties 

variables.  

 

 

 

 

  Soil Depth 

Soil parameter 0-20 cm 20-40 cm 40-60 cm 

  pH (1:2.5 water) 4.84 4.91 5.14 

Organic C (%) 1.92 1.9 1.45 

Total N (%) 0.1 0.08 0.07 

Available P (Olsen) 

(mg kg-1) 17.38 10.29 5.39 

NO3
--N (mg kg-1) 22.41 14.83 10.54 

NH4
+-N (mg kg-1) 1.55 1.1 1.36 

Texture       

Sand (%) 54 46 40 

Clay (%) 28 40 40 

Silt (%) 18 14 20 

Textural class 

Sandy clay 

loam Sandy clay Clay 

Table 2: Initial soil characterization; selected physical and chemical properties of 

soils at 0-20, 20-40 and 40-60 cm depths 
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4.3 The effect of inorganic nitrogen fertilizer application on soil N dynamics  

4.3.1 Soil Mineral N pool 

a. Soil NO3
--N concentration 

The overall trend of NO3
--N concentration and its vertical distribution along the soil 

profile is shown in Figure 8. Generally, the NO3
--N levels increased after the initial 

fertiliser application at planting, with a sharp rise and peaked at 14 days after planting 

(DAP). Meanwhile, the increase in the 20–40 cm depth was more gradual and later 

peaked at 42 DAP. However, no increase was observed at 40–60 cm during early 

growth stages, though it surprisingly peaked at 127 DAP, which was isolated. These 

peaks were mostly short-lived and were followed by rapid declines, consistent across 

Figure 7: Daily rainfall distribution, mean soil moisture content (volumetric) 

and temperature  (0-15 cm) of the study site measured from 4 Apr. 2024 to 27 

Feb. 2025 
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all the depths as the crop-growing season progressed. A convergence of NO3
--N levels 

among the N rates was observed at harvest across all depths (195 DAP). In contrast, 

concentrations in the 0–20 cm and 20–40 cm layers were lower than the initial levels 

before planting, with no notable difference observed in the 40–60 cm depth.  

On average, NO3
--N concentrations in the lower depths for both N-fertilized and control 

plots remained low during the growing season, indicating minimal downward 

movement. After harvest, notable spikes in NO3
--N concentrations were evident, 

especially in plots with 100 and 125 kg N ha-1, and this pattern was consistent across 

all depths. 

 

 

 

 

 

 

 

 

 

 

 

 

b. Soil NH4
+ -N concentration 

Soil NH4
+-N exhibited high variability across all depths, particularly during the initial 

stages of maize growth, with multiple peaks observed following each N application 

Figure 8: Temporal distribution of soil NO3
--N along the soil profile, as influenced 

by N application rates throughout the maize-growing and fallow periods. Each 

point represents an average of the three replicates for each given treatment, and 

the error bars are the standard error of means (n = 3) 

Fallow period 
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(Figure 9). At the surface layer, the increase in soil NH4
+ concentration was gradual, 

before later peaking at 21 DAP (24.8 mg NH4
+-N kg-1) and was immediately followed 

by a drop in concentration. The subsequent and final peaks were observed at 70 and 

112 DAP in the 125 kg N ha-1 plot (30.24 and 26.61 mg NH4
+-N kg-1, respectively). 

Generally, the peaks alternated between 100 and 125 kg N ha-1 N application, 

particularly in the 0 – 20 cm depth. This was followed immediately by a sharp decrease 

in the NH4
+-N concentration, consistent among all N fertilizer rates and remained below 

12 mg NH4
+-N kg-1 for the remainder of the cropping season. Eventually, the observed 

NH4
+-N concentrations converged during harvesting.  

In the 20 – 40 cm depth, an identical pattern to the upper layer was observed, with 

multiple peaks observed at 14 (17.96 mg kg-1), 70 (22.78 mg kg-1) and 112 DAP (20.59 

mg kg-1), which corresponded with N fertilizer application events and alternated 

between 50 and 125 kg N ha-1. Meanwhile, in the 40 – 60 cm depth, the increase was 

Fallow period 

Figure 9: Temporal distribution of soil NH4
+-N along the soil profile, as influenced 

by N application rates throughout the maize-growing and fallow periods. Each 

point represents an average of the three replicates for each given treatment, and 

the error bars are the standard error of means (n = 3)  
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gradual, with delayed peaks observed at 112 and 127 DAP. However, the highest 

concentration (24.27 mg kg-1) was observed in the 125 kg N ha-1 plot at 112 DAP. At 

harvesting, there was no disparity in the NH4
+-N content among the N-fertilised and 

non-fertilised plots, which varied from 4.57 to 7.23 mg kg-1. During the fallow period, 

the NH4
+-N concentrations mostly converged and showed no differences between the 

observations. 

c. Soil mineral N intensity 

The influences of different N application rates on the time-weighted annual soil Nmin 

variables are shown in Figure 10. The soil Nmin annual intensities (NO3
-, NH4

+ and 

the sum of NH4
+ + NO3

-) down the soil profile increased with N application rates (p < 

0.05). The NO3
--N intensity varied considerably across the three depths, from 10.87 to 

16.88, 10.04 to 18.06 and 8.99 to 14.26 mg NO3
--N d kg-1 in the 0 – 20, 20 – 40 and 40 

– 60 cm, respectively.  

The NH4
+-N intensity increased linearly in the surface layer across the N rates, ranging 

from 7.65 to 12.03 mg NH4
+-N d kg-1. Whereas, in the 20 – 40 and 40 – 60 cm depths, 

the increase was polynomial, with values ranging between 7.67 and 10.58 and 6.93 and 

12.75 mg NH4
+-N d kg-1, respectively, across the different N rates. The plot with a 125 

kg N ha-1 application rate exhibited the largest magnitude of N (sum of NH4
+ + NO3

-) 

intensity across the 0–20 cm (28.91 mg N d kg-1) and 20–40 cm (27.36 mg N d kg-1) 

depths, in contrast to the other N rates. Surprisingly, the non-fertilised plot had the 

highest intensity in the deeper depth (27.01 mg N d kg-1) compared to the rest of the 

fertilizer plots, which averaged 20.51 mg N d kg-1.  

 

 



47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Increasing N application rates effect on N2O Emissions 

i. N2O fluxes 

Temporal N2O fluxes across different N application rates are shown in Figure 11. The 

N2O fluxes ranged from 2 to 20.65 µg N2O-N m-2 h-1 throughout the entire period. 

Consistently lower N2O fluxes were observed at 50 kg N ha-1 application level. In 

contrast, the 100 kg N ha-1 level showed higher fluxes early in the season, peaking four 

weeks after the initial fertilizer application (Figure 11). These fluxes then decreased as 

the season progressed into the late vegetative growth stage. Immediately after the 

second top dressing, N2O fluxes spiked, with the highest levels in the 100 and 125 kg 

Figure 10: Time-weighted soil Nmin intensities (NO3
--, NH4

+-N and sum (NO3
- + 

NH4
+) across 0-20 cm (a to c), 20-40 cm (d to f) and 40-60 cm (g to i) as influenced by 

N application rates. Different letters indicate significant differences (p<0.05) based 

on the LSD test after a one-way ANOVA. The error bars are the standard error of 

means, n = 3 
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N ha-1 plots compared to lower fertilization levels. By the end of the growing season, 

the high N2O fluxes in the 125 kg N ha-1 had returned to background level. During the 

fallow period, a resurgence in the fluxes was observed, especially in plots receiving 

higher N rates; meanwhile, the plots with lower fertilization maintained significantly 

lower fluxes.  

 

 

 

ii. Daily and annual N2O fluxes, Emission factors and yield-scale emissions  

The annual fluxes ranged between 0.33 and 0.77 kg N2O-N ha-1 across the different N 

application rates, with an average of 0.56 kg N2O-N ha-1. Negative emission factors 

were observed in the N application rates of 25 and 50 kg N ha-1; meanwhile, the EFs in 

both 100 and 125 kg N ha-1 did not show any difference (0.2%). Similar observations 

were also made in the yield-scaled emissions, with a minimum-maximum of 0.07 to 

0.14 g N2O-N kg-1 grain yield. 

 

Figure 111: Temporal N2O fluxes as influenced by N application rates from 04 

Apr. 2024 to 27 Feb. 2025  
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4.3.3 Relationship between soil Nmin variables, meteorological factors and other 

soil properties 

Figure 12 presents the magnitude and direction of correlation among soil variables (soil 

moisture, temperature, and pH), precipitation variables (cumulative rainfall and average 

rainfall), and soil Nmin variables (NO3
- and NH4

+-N) during the maize growing season, 

analysed using Pearson correlation analysis at each depth. At the surface depth, 

precipitation variations significantly influenced soil moisture content and temperature. 

For instance, robust positive relationships were observed between the average 

precipitation and average soil moisture content (r = 0.95, p < 0.001) as well as between 

the mean soil temperature and NO3
--N concentration across all treatments (r = 0.45, p 

< 0.001). Conversely, NH4
+-N showed a non-significant weak negative correlation with 

the average soil temperature (r = -0.11, p > 0.05) and soil pH (r = -0.14, p > 0.05), 

across all N application rates. In the 20-40 cm depth, NO3
--N was positively correlated 

with the average precipitation (r = 0.37, p < 0.01), soil moisture content (r = 0.36, p = 

0.01) and negatively with soil pH (r = 0.19, p < 0.05), across all N application rates. 

Meanwhile, NH4
+-N was negatively correlated with the soil moisture content and pH (r 

= -0.33, p < 0.05; r = 0.3, p < 0.05, respectively) across all N application rates. 

Furthermore, the magnitude of the relationship between NH4
+-N and average 

precipitation was weaker (r = -0.12, p < 0.01). In the deepest layer, 40-60 cm, a similar 

N application 

rate (kg N ha-1) 

Mean flux (g 

N2O-N ha-1) 

Annual fluxes 

(kg N2O-N ha-1) 

Emission 

factors (%) 

Yield-scaled 

emission (g N2O-N 

kg-1 grain yield) 

0 1.44 0.53 - 0.14 

25 1.21 0.44 -0.34 0.1 

50 0.91 0.33 -0.39 0.07 

100 2.00 0.73 0.2 0.14 

125 2.11 0.77 0.2 0.14 

Table 3: Mean and annual N2O fluxes, Emission factors and yield-scale 

emissions as influenced by N application rate 



50 
 

trend of a positive relationship between the average precipitation and NO3
--N 

concentration was observed (r = 0.41, p < 0.05), along with a negative correlation 

between soil pH and NH4
+-N (r = 0.40, p < 0.05). In this depth, the correlation between 

soil NO3
- -N and soil pH was more pronounced (r = -0.47, p < 0.05).  

 

4.3.4 Relationship between soil N intensity and N2O emission 

The relationship between annual cumulative N2O fluxes and mineral N intensity were 

examined across all the N application rates (Figure 13). The N2O fluxes increased 

exponentially with increase in NO3
- intensity (r2 = 0.94) and total mineral N intensity 

(r2 = 0.69), meanwhile, the fluxes increased linearly with increasing NH4
+ 

concentration. 

 

Figure 12: Relationship between soil variables and micrometeorological factors 

across different N application rates and depth ((a) 0-20 cm, (b) 20-40 cm and (c) 

40-60 cm). Cum_Prep, cumulative precipitation between each sampling (mm); 

AvgPrep, average precipitation between each sampling (mm); Avg_Soil_Temp, the 

average soil temperature between each sampling (°c); Soil_Temp, soil temperature 

of each sampling day (°C); SMC, gravimetric soil moisture content at each 

sampling day (%); Avg_SMC, average volumetric soil moisture content between 

consecutive sampling (%); NO3
- -N, soil nitrate-N (mg kg-1); NH4

+-N, soil 

ammonium-N (mg kg-1) 
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4.4 Effect of inorganic nitrogen fertilizer application on maize grain yield and 

nitrogen use efficiency 

4.4.1 Maize grain yield, and above-ground dry matter, grain N content and N 

uptake 

Maize grain yield and dry matter responded positively to increased N application rate 

(p < 0.05, Figure 14). An N application rate of 125 kg N ha-1 exhibited the highest grain 

yield (5.4 t ha-1), while the lowest grain yield was recorded in the 0 kg N ha-1 (3.69 t 

ha-1), which represented a 50% increase. However, there was no significant difference 

between 100 and 125 kg N ha-1, indicating that the grain yield peaked at the former 

application rate and plateaued. Therefore, increases in N fertilizer beyond 100 kg N ha-

1 do not significantly improve the grain yield. This trend was also consistent in the 

above-ground biomass, where 100 kg N ha-1 exhibited the largest biomass yield (10.85 

t ha-1), with no significant difference between 75, 100 and 125 kg N ha-1. Additionally, 

maize grain yield responded positively with increasing dry matter (r2 = 0.62, p <0.05), 

illustrated in Figure 15.  

The N uptake was higher for N-fertilized plants relative to the non-fertilized plants, 

with uptake ranging between 58 and 92 kg ha-1 in the non-fertilized and 125 kg N ha-1, 

respectively. Nevertheless, increasing the N application rate did not affect the average 

Figure 13: Relationship between cumulative N2O fluxes and mineral N intensity 
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harvest index (HI) (p > 0.05), which ranged between 0.31 and 0.34 and averaged 0.33 

kg grain kg-1 dry matter. 

 

 

Figure 14: The effects of N application rates on various plant responses at 

physiological maturity (195 days after planting): a) Grain yield (t ha-1); b) Total 

above-ground dry matter (t ha-1); c) Total above-ground N uptake (kg N ha-1); 

and d) N harvest index (%). Standard errors of the mean and letters refer to 

statistical differences (p < 0.05) among the N-fertilizer (n=3) 

Figure 15: Relationship between dry matter and grain yield  
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4.4.2 Nitrogen use efficiency indices 

Table  shows the various nitrogen use efficiency (NUE) indices at harvesting. Increasing 

N application significantly influenced NUEgrain, partial factor productivity (PFP), 

partial N balance (PNB), and physiological efficiency (PE) (p < 0.05) but not the 

agronomic efficiency (AE) and recovery efficiency (RE). The NUE was highest in the 

25 kg N ha-1 treatment (1.20) and decreased linearly with increasing N application rates 

to 0.37 in the 125 kg N ha-1 treatment. A similar trend was also observed for PFP and 

PNB. Meanwhile, the PE increased with N application rate, and peaked at 75 kg N ha-

1 (55.94 kg kg-1) before slightly reducing as N application rate increased to 125 kg N 

ha-1. Moreover, no effect of N application rate was observed on RE (p > 0.05). 

 

 

 

 

 

N application 

rate 

NUEgrain PFP  PNB  PE  AE  RE  

(kg kg-1) 

25 kg N ha-1 1.20a 157.07a 2.41a 29.23b 9.47a 0.31a 

50 kg N ha-1 0.64b 83.93b 1.18b 29.06b 10.13a 0.23a 

75 kg N ha-1 0.50b 61.11c 0.96c 55.94a 11.91a 0.22a 

100 kg N ha-1 0.43cd 50.60d 0.85cd 43.26ab 13.70a 0.30a 

125 kg N ha-1 0.37d 43.20d 0.74d 46.58ab 13.68a 0.30a 

 LSD (0.05) 0.12 10.16 0.22 18.74 10.16 0.17 

SEm (±) 0.016 1.39 0.03 2.57 1.39 0.02 

F-probability <0.001 <0.001 <0.001 0.04 0.81 0.64 

Overall mean 0.63 79.18 1.12 40.82 11.78 0.27 

Table 4: NUE indices at harvest as influenced by N application rates. (Matching 

lowercase letters indicate non-significant differences at p < 0.05) 
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CHAPTER FIVE 

DISCUSSION 

5.1 N application effect on soil mineral N variables 

The soil Nmin pool in terrestrial ecosystems is highly dynamic, as the interplay between 

N inputs, biogeochemical processes, and meteorological factors majorly influences it 

(Ferraz-Almeida, 2024). In this study, a rapid increase in soil Nmin (NO3
- and NH4

+) 

was observed shortly after the application of N fertilizer. These results are consistent 

with findings from other studies that reported a similar trend in Nmin increase shortly 

after fertilizer application (Gentile et al., 2009; Mucheru-Muna et al., 2009; Mugwe et 

al., 2011; Tully et al., 2016). Urea, the source of N, undergoes hydrolysis within the 

first seven days after application (Motasim et al., 2024) upon contact with water, and 

is quickly transformed into (NH4)2CO3 in the presence of the urease enzyme. The 

(NH4)2CO3 further dissociates to form NH4
+ and CO3

2- ions, as shown in the equation 

below: 

  (𝐍𝐇𝟐)𝟐𝐂𝐎 +  𝟐𝐇𝟐𝐎 →  (𝐍𝐇𝟒)𝟐𝐂𝐎𝟑  →  𝟐𝐍𝐇𝟒
+ + 𝐂𝐎𝟑

𝟐−             (27) 

In soils, the NH4
+ ion is either absorbed by plants or quickly oxidized to NO3

- through 

a two-step microbial process known as nitrification (Govindasamy et al., 2023). 

Although nitrification rates were not measured in the current study, a higher NO3
- -N 

concentration relative to the NH4
+ in the surface layer demonstrates rapid nitrification. 

This was also illustrated by NO3
-/NH4

+ ratio of > 1 (Appendix XI), indicating an open 

N cycle and potential risk of NO3
- loss down the soil profile (Soilueang et al., 2023).   

The enhanced N availability earlier in the season, especially in plots where 125 kg N 

ha-1 was applied, elevated the potential for N loss from the topsoil, as indicated by 

increased NO3
--N content in the subsequent depth of 20-40 cm, 42 DAP (Figure 8). 

The higher NO3
--N concentration in the 20-40 cm depth could have resulted from the 
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downward movement of NO3-, which was facilitated by the high soil moisture content 

resulting from increased rainfall during the early growing period. The increased soil 

NO3
--N concentration at this depth (20-40 cm) signifies an asynchrony between N 

supply and crop uptake, especially during the early growing period when the N demand 

is less compared to the latter stages of maize growth (Sinclair & Rufty, 2012). This was 

well captured in the study, as illustrated by the constant concentration of Nmin content 

for the remainder of the growing season (Figure 8).  

Unlike NO3
-, NH4

+ is immobile in the soil; however, a sharp increase in the lower 

depths after each N fertilizer application was observed in the present study. This may 

be attributed to the increased soil moisture due to precipitation and the shading effect 

provided by the maize canopy, which likely reduced moisture loss via evaporation. The 

percolating water and high soil moisture might have aided in diffusing urea down the 

soil profile, facilitating hydrolysis and the subsequent dissociation of (NH4)2CO, 

resulting in greater NH4
+ concentration  (Motasim et al., 2024), particularly after 

application. During the latter stages of the crop growing season, no significant 

variations in both NO3
-- and NH4

+-N content were observed among the N rates across 

the three soil depths. This could have resulted from Nmin exhaustion by the maize crop 

and the Nmin returning to background concentration. Despite this, notable spikes in 

Nmin were observed during the fallow period and this could be attributed to 

decomposition and mineralisation of soil organic carbon. 

Generally, the topsoil exhibited higher Nmin (NO3
- and NH4

+) content than the lower 

depths. This was further illustrated by low Nmin concentration in N-fertilized plots 

during the reproductive stage to the end of the growing period, which was consistent 

with that observed in the control. This suggests that N loss from the maize cropping 

system in the Rift Valley highlands is mitigated even with increased N fertilizer use. 
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However, the Nmin loss, especially NO3
--N, does not preclude leaching events under 

specific conditions, as the system is susceptible to episodic N loss events, particularly 

following heavy rainfall, as observed in Figure 8. This could be attributed to the 1:1 

kaolinite clays, which dominate the highly weathered Ferralsols in the region. These 

clays tend to develop a net anion exchange capacity, especially at low pH, enhancing 

NO3
- adsorption and thus, reducing its movement down the soil profile with the 

percolating water (Harmand et al., 2010). The low Nmin content in the lower depths 

could also be due to the split application of the N fertilizer. Split N application in 

agricultural systems improves synchrony between N supply and crop N demand, 

thereby aiding in the avoidance of unnecessary losses (Mutegi et al., 2012). 

Furthermore, the long growing period of the maize crop could have resulted in 

maximum N uptake for grain filling, which is why there was low Nmin availability in 

the surface layer at harvest  

5.2 N2O emissions under different N application rates 

The magnitude of N2O emissions reported in this study (0.33 to 0.77 kg N2O-N ha-1 yr-

1) is more or less consistent with those reported in other similar studies in SSA (0.13 to 

1.43 kg N2O ha-1) (Mapanda et al., 2011; Hickman et al., 2014; Macharia et al., 2020; 

Zheng et al., 2019; Musafiri et al., 2020; Githongo et al., 2022; Kibet et al., 2022). The 

average daily and cumulative fluxes increased with increasing N rates, which 

corroborates findings from previous studies involving multiple N application rates in 

SSA (Hickman et al., 2014;  Hickman et al., 2015; Mapanda et al., 2011; Zheng et al., 

2019). Increased N rates enhanced Nmin concentration (NO3
- and NH4

+), which act as 

substrates for N2O production. Further illustrated by the positive interaction between N 

intensities and cumulative N2O fluxes, which was consistent with other studies (Burton 

et al., 2008; Zebarth et al., 2012; Macharia et al., 2020). N intensity is an important 
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index in soil N management as it reflects the size and duration of mineral N in the soil, 

which influences microbial processes, thereby increasing the risk of Nr loss to the 

ecosystem. This finding further supports reports by Yao et al.(2020), who proved that 

N intensity could be used as a proxy to estimate N2O emissions in terrestrial 

ecosystems. This could be a reprieve, especially to policymakers and scientists in SSA 

who are constrained by limited spatial N2O measurements, which hinder their efforts in 

accounting for the nationally determined contributions (NDCs) and providing 

mitigating measures. In contrast, the annual flux observed in the non-fertilized plot in 

this study (0.53 kg N2O-N ha-1) was markedly higher than values reported in similar 

conditions in maize systems across the region, which ranged between 0.104 and 0.324 

kg N2O-N ha-1 (Mapanda et al., 2011; Macharia et al., 2020; Musafiri et al., 2020; 

Hickman et al., 2015; Githongo et al., 2022). However, Hickman et al. (2014) observed 

higher fluxes of 0.71 kg N2O-N ha-1, which was surprisingly higher than those of the 

plots receiving 50, 75 and 100 kg N ha-1. A similar observation was also recorded in 

the current study, where the non-fertilized plot exhibited higher average daily and 

annual fluxes in contrast to the 25 and 50 kg N ha-1 plots.  

The emission factors (EFs) observed in this study (0.2%) were within the ranges 

reported in maize systems in Kenya. For instance, Githongo et al. (2022), while 

determining the GHG fluxes as influenced by different inorganic and organic N source 

combinations in the upper Eastern Kenya, observed EFs varying between 0.02 and 

0.14%. Similarly, Musafiri et al.( 2020) reported consistent ranges of between 0.05 and 

0.14 in the manure and inorganic fertilizer treatments, respectively, both supplying 120 

kg N ha-1. However, Macharia et al.( 2020) reported a considerably higher range of 0.2 

to 0.9% in the Central highland of Kenya. This proves that the use of IPCC Tier 1, 

emission factor of 1%, in estimating N2O emissions from agricultural soils in Kenya is 
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subject to overestimation. The yield-scaled emission, which reflects the N2O emissions 

vis` the unit of grain yield, were low (averaging 0.12, with a minimum and maximum 

of 0.07 - 0.14 g N2O-N kg-1 grain yield, respectively). This could be attributed be 

enhanced grain yields as N rates increased to 125 kg N ha-1. Similar observations were 

made by Leitner et al.(2020), who projected a ~97% reduction in yield-scaled N2O 

emissions from 4.55 to 0.14 g N2O-N kg-1 grain yield when closing the yield gaps in 

SSA by 25%.  

5.3 Regulatory factors influencing soil Nmin pools and select soil chemical 

properties 

The dynamics of soil nitrogen (N) are highly complex and are subject to variations due 

to environmental factors that significantly influence the internal N cycle. Precipitation, 

in particular, plays a crucial role in the internal N cycle through its direct and indirect 

impacts on N availability and movement, microbial dynamics, and plant N uptake as it 

alters soil moisture (Cregger et al., 2014; Hess et al., 2020; Lv et al., 2023; Peng et al., 

2021). Precipitation influences nitrification, the process of oxidizing NH4
+ to NO3

- 

through microbial action (Beeckman et al., 2018) as illustrated by the negative 

relationship between cumulative rainfall and soil moisture content on NH4
+-N across 

all depths. Indeed, precipitation-driven soil moisture variations enhance the substrate 

availability of both ammonium and oxygen through diffusion for microbes, thus 

indirectly impacting nitrification, especially autotrophic nitrification. This underscores 

the significant role precipitation plays in soil N transformation.  

Furthermore, the average precipitation received between consecutive sampling periods 

positively influenced soil NO3
--N concentration in the surface layer. Additionally, 

increased NO3
--N content in the deeper layers (20 – 40 cm and 40 – 60 cm) correlated 

positively with increased precipitation, potentially facilitating the vertical movement of 
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NO3
-. Similarly, soil temperature variables also affected soil N dynamics, showing a 

positive interaction with NO3
--N and a negative correlation with NH4

+-N. This is 

consistent with other studies that have also reported increased nitrification with rising 

soil temperature (Bai et al., 2013; Elrys et al., 2021; Li et al., 2020). 

5.4 Grain yield, dry matter biomass, N uptake and harvest index 

The economic importance of using synthetic N fertilizers in crop production lies in their 

ability to boost harvestable yields. Globally, around 50% of elevated yields across 

different ecosystems is attributed to increased fertiliser use. In this study, increasing N 

application rates to 125 kg significantly improved grain yield (p < 0.05) to 5.4 t ha-1. 

This supports other similar studies that found grain production rises substantially with 

N application rates (Aramburu-Merlos et al., 2024). However, the highest grain yield 

in this study was lower (5.4 t ha-1) compared to the global average of 5.8 t ha-1 (Liu et 

al., 2023). This was likely due to the low kernel number per ear in some plots, resulting 

from manual pollination, which may have potentially affected ovum fertilization and 

cob filling. This confirms that grain yield is dependent on the ear and kernel number 

and their weight (Hütsch & Schubert, 2017), which are further influenced by dry matter 

accumulation. This relationship was further supported by the positive linear interaction 

between dry matter accumulation and grain yield (Figure 15). 

In this study, dry matter increased with higher N application rates, with yields ranging 

from 7.23 to 10.85 t ha-1. These findings corroborates with reports from other similar 

studies showing that greater N input promotes maize dry matter accumulation (Bai et 

al., 2020). Increasing N application elevates mineral N availability in the rhizosphere, 

subsequently leading to improved plant N uptake, as demonstrated in this study. This 

stimulates leaf growth, enhances carbon assimilation, extends the growing period, 

delays leaf senescence and ultimately improves dry matter accumulation and grain yield 
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(Dong et al., 2024). In contrast, the control plots recorded the lowest dry matter, likely 

due to limited N supply, which might have supressed vegetative growth and triggered 

early senescence (Zakari et al., 2021). The observed increase in both grain yield and 

dry matter may also be partly linked to the relatively long maize growing period (195 

days). Liu et al. (2023) reported that a long growing period, especially after silking, is 

crucial for achieving higher grain yield. 

Although grain yield and dry matter accumulation increased with the N application rate, 

the harvest index (HI), which is the ratio of grain yield to the total above-ground dry 

matter, did not show any significant relationship. Other studies have reported an 

increased HI with rising grain yield (Liu et al., 2023); however, our findings indicate 

inconsistency. The control, 50 and 125 kg N ha-1 treatments exhibited the highest HI of 

0.34 kg grain kg-1 dry matter; however, this did not differ significantly from the other 

N application rates. Additionally, the average HI from the present study was 

considerably lower (0.33 kg grain per kg of dry matter) than  the ones reported in other 

studies (Liu et al., 2020; Ruiz et al., 2023). For instance, Liu et al. (2020) reported on 

grain HI for five different cultivars, which ranged between 0.46 and 0.54 kg per kg of 

dry matter. They also conducted a meta-analysis across 40 locations in China, where 

the average grain HI was 0.51. The low HI could be attributed to the disrupted cob 

filling process, mentioned in the previous paragraph. 

4.5 Nitrogen use efficiency 

Nitrogen use efficiency (NUE) serves as a crucial indicator in crop production systems 

and is subject to soil and fertilizer N supply, crop N uptake and losses between the soil-

plant system. Therefore, the efficient use of nitrogen fertilizer in crop production is 

crucial for enhancing yields and mitigating ecosystem degradation, particularly in sub-

Saharan Africa (SSA). 
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NUEgrain, the fraction of N fertilizer recovered in the grain, reduced linearly with 

increasing nitrogen application rates, with 25 kg N ha-1 exhibiting a ratio of > 1, 

indicating a potential risk of nitrogen mining in a continuous crop production system. 

Meanwhile, the lowest NUEcrop (0.37) was recorded in the 125 kg N ha-1 treatment, 

reflecting asynchrony between nitrogen supply and uptake by the crop as well as 

potential oversupply of N, thereby increasing the risk of nitrogen losses from the 

ecosystem through various pathways. This finding supports the study by Omara et al. 

(2019), who attributed low NUE to high N fertilizer application, as evidenced by values 

obtained in China and India, which account for the highest consumption of synthetic N 

fertilizers in their cereal cropping systems. Overall, the average NUE reported in this 

study fell within the NUE limit target ranges of between 50 and 90%.  

Similarly, the partial factor productivity (PFP), ratio of yield to N fertilizer supply, 

reduced with increasing N application and ranged between 157.07 and 43.2 kg grain 

kg-1 N in the 25 and 125 kg N ha-1 N fertilizer levels, respectively. Dobermann (2007) 

reported that the optimum range for PFP in cereal systems is between 40 and 80 kg kg-

1 and these findings were within this range, except for the N fertilization level of 25 kg 

N ha-1. However, the high value exhibited by applying 25 kg N ha-1 is not an indicator 

of a well-managed or efficient system, but rather a low N supply and inefficient N 

exploitation (Dobermann, 2007). By contrast, the documented PFP for SSA is 122 kg 

kg-1, while the global average is 44 kg kg-1 (closer to the one demonstrated while 

applying 125 kg N ha-1).  

The highest grain yield increase per additional kg N was in the 100 kg N ha-1, 13.70 kg 

grain kg-1 N, while the average was 11.78 kg grain kg-1 N. This value was considerably 

lower compared to those reported in the region (Ichami et al., 2019; Sileshi et al., 2019; 

Winnie et al., 2022); however, they were within the acceptable range of between 10 
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and 30 kg grain per kg N (Dobermann, 2007). A meta-analysis by Ichami et al. (2019) 

on fertilizer response and NUE in African smallholder maize farms reported an 

agronomic N efficiency (AE) of 18 and 42 kg grain increase kg-1 N for SSA and Kenya, 

respectively. Furthermore, Sileshi et al. (2019) reported an AE of 23.7 kg grain kg-1 N 

from inorganic fertilizers. On the contrary, Winnie et al. (2022) observed markedly 

higher AE values of between 81.7 and 118.7 kg grain kg-1 N and 45.4 and 154.3 kg 

grain kg-1 N across two sites in the Lake Victoria basin. However, the high values were 

attributed to low N supply, which was unable to optimise the AE. 
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CHAPTER SIX 

CONCLUSION AND RECOMMENDATION 

6.1 Conclusion 

1. Increasing N fertilizer application raised soil N levels, especially on the surface 

horizon. The overall NO3
- and NH4

+ concentrations across the three depths and 

monitoring period followed the order of 0-20 > 20-40 > 40-60 cm. Additionally, 

applying N fertilizer at 125 kg ha-1 significantly boosted NO3
- and NH4

+ levels 

early in the crop's growing season compared to other N rates. This heightened 

the risk of N leaching, and higher NO3
- levels were observed in the subsequent 

depth (20 – 40 cm) at 42 DAP. However, similar NO3
- concentrations at the 

lower depths in both fertilized and non-fertilized plots as the crop developed 

indicated minimal N loss down the soil profile.  

2. Increasing N fertilizer use will also result in more N2O emissions. Fortunately, 

the level of fertilizer-related N2O emissions was lower than what has been 

observed in other intensified agroecosystems globally. Further, the emission 

factors (EFs) reported in this study were significantly lower than the default 

IPCC EF of 1%, and the yield-scaled emissions were also low, attributed to the 

improved yields. 

3. Increasing N application rates improved maize grain yield considerably but 

reduced the overall NUE. Furthermore, applying N fertilizer at 125 kg ha-1 

increased the risk of N loss to the ecosystem, indicated by the low NUEcrop 

value. The optimum NUEcrop, physiological efficiency and partial-factor 

productivity were realised when N was supplied at 75 kg N ha-1.  
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4. Therefore, matching crop demands through judicious N use will be critical to 

ensure efficient use of N-fertiliser and reduce losses. This study established that 

N-fertilizer increments to 75 would improve grain yield and also optimise NUE. 

6.2 Recommendations 

Based on the findings, this study recommends: 

1. Further research should be undertaken on Nmin concentration in pore water and 

leachate across different depths in agricultural systems across SSA, as the Nmin 

measured in the current study was bound within soil colloids, making it hard to 

distinguish between that which is available and unavailable for plant uptake. 

2. Future studies should use 15N-labeled fertilizer to distinguish between fertilizer 

supplied by N fertilizers and soil organic N during the crop-growing period, to 

identify N mining and N oversupply in agricultural systems. 
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APPENDICES 

 

 

Source of Variation NumDF DenDF F-value P-value 

Treatment 5 790 17.5554 <0.0001 

Depth 2 790 41.5709 <0.0001 

Treatment*Depth 10 790 1.8749 0.0453 

Total 17       

 

 

 

 

 

 

 

 

  Depth (cm)   

N application rate 0-20 20-40 40-60 Mean 

0 kg N ha-1 10.05abcd 8.16ab 10.06abcde 9.42 

25 kg N ha-1 11.57bcde 8.60abc 7.23a 9.13 

50 kg N ha-1 13.09defg 9.21abc 7.73ab 10.01 

75 kg N ha-1 14.18efg 10.66abcde 8.53abc 11.12 

100 kg N ha-1 15.66fg 12.29cdef 9.96abcd 12.64 

125 kg N ha-1 16.47g 13.78defg 10.89abcde 13.71 

Mean 13.5 10.45 9.07 11.01 

SE 0.894 0.978 1.1   

 

Source of Variation NumDF DenDF F-value P-value 

Treatment 5 790 8.43858 <0.0001 

Depth 2 790 1.96848 0.1404 

Treatment*Depth 10 790 4.31014 <0.0001 

Total 17       

Appendix I: ANOVA results for the effect of N application rates on Nitrate 

concentration at three different depths 

Appendix II: ANOVA results for the effect of N application rates on Ammonium 

concentration at three different depths 

Appendix III: An overall summary of Nitrate concentration as influenced by N rates 
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  Depth (cm)   

N application rate 0-20 20-40 40-60 Mean 

0 kg N ha-1 6.60a 7.20a 8.45ab 7.41 

25 kg N ha-1 6.80a 5.97a 6.08a 6.28 

50 kg N ha-1 7.87a 8.48ab 8.38ab 8.24 

75 kg N ha-1 6.55a 7.81a 6.11a 6.82 

100 kg N ha-1 8.19a 7.13a 6.52a 7.28 

125 kg N ha-1 10.80b 7.15a 7.74a 8.56 

Mean 7.8 7.29 7.21 7.43 

SE 0.652 0.703 0.779   

 

 

 

 

 

 

Appendix IV: An overall summary of Ammonium concentration as influenced by 

N rates 
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Appendix V: The chronological sequence of activities carried out through the monitoring period. a) land preparation, b) experimental site 

after the secondary tillage and levelling, c) planting of maize seeds and application of fertilizer, d) plant count 14 DAP, e) weeding, f) 

subsequent soil sampling, g) maize crop at vegetative growth stage, h) spraying of pesticides to control aphids and fall armyworm, i) maize 

crop at physiological maturity, j) maize harvesting, k) biomass estimation, l) laboratory analysis 

a b c d 

e f g 
h 

i 
j 

l 

k 
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Appendix VII: Chamber deployment in the flux measurement plots and a close-up of a 

chamber 

45 minutes 45 minutes

45 minutes

Chamber 5

Chamber 11

Chamber 4

Chamber 10

Chamber 3

Chamber 9

Block 2

Chamber 2

Chamber 8

45 minutes

Block 3 Block 4

Block 5

Block 1

Chamber 1

Chamber 7

45 minutes

Chamber 6

Chamber 12

Block 6

45 minutes

Appendix VI: N2O flux measurement regime, where each block consisted of two chambers 

from different treatments. While both chambers within a block would close at the same time, 

only one was sampled at any time of measurement. When the current set of chambers open, 

the next set closes and the sampling sequence begin and the cycle continues  

Pneumatic tubing system 

lid 

Sampling port 
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 Nitrate Ammonium pH Organic_C SMC CN_ratio Total_N Cum_Prep Avg_Prep 

Nitrate 0 0.708 0.159 0.831 0.007 <0.05 <0.05 0.320 0.006 

Ammonium 0.708 0 0.027 0.043 0.014 0.402 0.479 0.800 0.388 

pH 0.159 0.027 0 0.225 0.672 0.087 0.457 0.382 0.006 

Organic_C 0.831 0.043 0.225 0 0.358 0.121 0.027 <0.05 0.009 

SMC 0.007 0.014 0.672 0.358 0 0.001 0.001 0.002 0.040 

CN_ratio <0.05 0.402 0.087 0.121 0.001 0 0.000 0.433 0.008 

Total_N <0.05 0.479 0.457 0.027 0.001 <0.05 0 0.003 <0.05 

Cum_Prep 0.320 0.800 0.382 <0.05 0.002 0.433 0.003 0 <0.05 

Avg_Prep 0.006 0.388 0.006 0.009 0.040 0.008 1.6E-06 <0.05 0 

Appendix VIII: P-values from Pearson correlation analysis among soil and precipitation variables in the 0-20 cm depth 

Appendix IX: P-values from Pearson correlation analysis among soil and precipitation variables in the 20-40 cm depth 

Nitrate Ammonium pH Organic_C Total_N CN_ratio SMC Cum_Prep Avg_Prep Soil_Temp Avg_Soil_Temp Avg_SMC

Nitrate 0 0.192 <0.05 0.002 <0.05 <0.05 0.909 0.927 0.261 <0.05 <0.05 0.495

Ammonium 0.192 0 0.310 0.000 0.122 0.942 0.480 0.920 0.143 0.021 0.429 0.179

pH <0.05 0.310 0 0.057 0.015 0.076 0.903 0.589 0.285 0.186 0.762 0.143

Organic_C 0.002 0.000 0.057 0 0.076 0.720 0.622 0.740 0.489 <0.05 0.209 0.842

Total_N <0.05 0.122 0.015 0.076 0 <0.05 0.407 <0.05 <0.05 <0.05 <0.05 <0.05

CN_ratio 0.001 0.942 0.076 0.720 0.000 0 0.223 <0.05 <0.05 <0.05 <0.05 <0.05

SMC 0.909 0.480 0.903 0.622 0.407 0.223 0 <0.05 0.469 0.060 0.178 0.930

Cum_Prep 0.927 0.920 0.589 0.740 <0.05 <0.05 <0.05 0 <0.05 <0.05 0.408 <0.05

Avg_Prep 0.261 0.143 0.285 0.489 <0.05 <0.05 0.469 <0.05 0 <0.05 0.329 <0.05

Soil_Temp <0.05 0.021 0.186 0.003 <0.05 <0.05 0.060 <0.05 <0.05 0 <0.05 <0.05

Avg_Soil_Temp <0.05 0.429 0.762 0.209 <0.05 <0.05 0.178 0.408 0.33 <0.05 0 0.880

Avg_SMC 0.495 0.179 0.143 0.842 <0.05 <0.05 0.930 <0.05 <0.05 0.000 0.880 0
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  Nitrate Ammonium pH Organic_C SMC Total_N CN_ratio Cum_Prep AvgPrep 

Nitrate 0 0.444 0.050 0.351 0.034 0.834 0.194 0.838 0.012 

Ammonium 0.444 0 0.015 0.241 0.000 0.022 0.612 0.893 0.008 

pH 0.050 0.015 0 0.004 0.136 0.005 0.213 0.046 0.258 

Organic_C 0.351 0.241 0.004 0 0.958 <0.05 <0.05 <0.05 0.222 

SMC 0.034 <0.05 0.136 0.958 0 0.025 0.060 0.762 0.000 

Total_N 0.834 0.022 0.005 <0.05 0.025 0 0.765 0.000 0.025 

CN_ratio 0.194 0.612 0.213 <0.05 0.060 0.765 0 <0.05 0.768 

Cum_Prep 0.838 0.893 0.046 <0.05 0.762 <0.05 0.05< 0 0.097 

AvgPrep 0.012 0.008 0.258 0.222 <0.05 0.025 0.768 0.097 0 

Appendix X: P-values from Pearson correlation analysis among soil and precipitation variables in the 40 – 60 cm depth 
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Appendix XII: Vertical distribution of soil pH throughout the monitoring period 

Appendix XI: Temporal dynamics of NO3
-/NH4

+ ratio observed during the monitoring 

period 
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Appendix XIV: Vertical distribution of soil total N throughout the monitoring period 

Appendix XIII: Vertical distribution of soil organic carbon throughout the 

monitoring period 
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Appendix XVI: Performance analysis of the random forest model in predicting 

N2O fluxes in the 0 kg N ha-1 plot 

Appendix XVII: Performance analysis of the random forest model in 

predicting N2O fluxes in the 25 kg N ha-1 plot 



95 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix XVIII: Performance analysis of the random forest model in 

predicting N2O fluxes in the 50 kg N ha-1 plot 

Appendix XIX: Performance analysis of the random forest model in predicting 

N2O fluxes in the 0 kg N ha-1 plot 
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Appendix XX: Performance analysis of the random forest model in predicting N2O 

fluxes in the 125 kg N ha-1 plot 
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Appendix XXI: Similarity Report 


