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ABSTRACT  

Nitrogen and phosphorus are the two most important macronutrients, often limiting crop 

production. Their responses to diverse integrated soil fertility technologies are still poorly 

understood in acidic Nitisols. A randomized complete block design was laid out in an 

acidic Nitisols at Kangutu Primary School in Chuka subcounty to investigate the effects 

of selected integrated soil fertility management technologies on; 1) soil microbial biomass 

carbon, nitrogen, and phosphorus, 2) nitrogen mineralization, partial factor productivity, 

and apparent recovery, 3) soil phosphorus fractions, degrees of saturation, maximum 

sorption, legacy and phosphorus use efficiency, and 4) maize productivity. The study used 

the Agricultural Production Systems sIMulator Model (APSIM) to simulate nitrogen 

mineralization under the technologies. Integrating: conventional tillage + maize residue + 

goat manure + Dolichos lablab intercrop; minimum tillage + maize residue + Tithonia 

diversifolia + goat manure; and minimum tillage + maize residue + goat manure + 

Dolichos lablab intercrop recorded the highest increase in microbial carbon, nitrogen, and 

phosphorus by 78%, 48%, and 41%, respectively. Nitrogen mineralization under the 

technologies was significantly (p < 0.0001) variable in certain sampling dates. Conventional 

tillage + maize residue + goat manure + Dolichos lablab intercrop had 5.11 and 52.80 kg 

N ha-1 significantly higher apparent nitrogen recovery and partial factor productivity, 

respectively. Similarly, minimum tillage + maize residue + goat manure + Dolichos lablab 

intercrop greatly increased apparent nitrogen recovery by 5.75 relative to control. Generally, 

APSIM poorly simulated nitrate and ammonia nitrogen based on the lowest root means 

square error and the highest d-index. Resin phosphorus, sodium bicarbonate-extractable 

inorganic phosphorus, and maximum phosphorus sorption increased by 182, 76, and 52 

mg P kg-1 under minimum tillage + maize residue + inorganic fertilizer + goat manure. 

Sodium hydroxide-extractable inorganic phosphorus and maximum phosphorus sorption 

significantly increased by 216 mg P kg-1 and 49 mg P kg-1 under conventional tillage + 

maize residue + inorganic fertilizer + goat manure. The same technology had the highest 

phosphorus partial factor productivity of 0.093 and 0.140 kg biomass kg-1 P and 

phosphorus agronomic efficiency of 0.080 and 0.073 kg biomass kg-1 P during the short 

and long rains cropping seasons. The findings of this study underpin the importance of 

integrated soil fertility management technologies in managing soil nitrogen and 

phosphorus in a maize-based cropping system. The study, therefore, recommends 

integrated technologies as alternatives or complementary to the sole use of inorganic 

fertilizers. It also recommends minimal use of model default (inbuilt) values for improved 

APSIM performance in N mineralization estimation. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Study  

Soil is the primary crop growth medium, particularly among smallholder farmers who 

account for 80% of the universe's population (Gaffney et al., 2016). The persistent 

declining soil fertility affects the living standards of a majority of these farmers and greatly 

accounts for the low yields of major crops. For instance, cereal yields in sub-Saharan 

Africa (SSA) trail that in Asia and Latin America by over 3.5 and 6.5 tons per hectare, 

respectively (Li et al., 2018). Soil fertility depletion is partly due to the soil nutrient mining 

rate, which is greater than most tropical soils' capacity to self-rejuvenate (Zhang et al., 

2019). This interference with soil nutrients directly and diversely impacts soil microbial 

biomass, nitrogen (N), and phosphorus (P) dynamics that need further investigation.  

Soil microbial biomass (SMB) is an essential source of soil nutrients, specifically carbon 

(C), N, and P. It is a crucial soil quality indicator that rapidly responds to soil management 

practices (Yan et al., 2022). The ratios of microbial C (MBC) to microbial N (MBN) and 

MBC to microbial P (MBP) are better pointers to C dynamics and soil microbial nutrient 

deficiency (Luo et al., 2022). However, the prevailing literature has limited data on MBC: 

MBP ratio. Various soil manipulations, such as fertilization and tillage, affect SMB 

(Oliveira et al., 2022). Fertilization by either inorganic fertilizer, organic amendments, or 

a combination of inorganic and organic amendments has previously been demonstrated to 

influence SMB under varying conditions (Zhu et al., 2020). Song et al. (2022) reported 

significantly higher microbial biomass C (MBC; 17.65–40.86%) and microbial biomass 

N (MBN, 18.63–50.76%) under a combination of inorganic fertilizer and organic 

amendment in a cropping system that rotated maize-wheat and wheat-soybean. Ren et al. 

(2019) showed a 40% and 55% increase in MBC and MBN under manure and NPK 

fertilizer, respectively. Additionally, microbial biomass P (MBP) increased while MBC: 

MBP ratio variability reduced by 10.8% when straw was retained (Wang et al., 2022). 
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Variations in soil nutrient ratios, plant rhizosphere characteristics and soil properties 

influence how SMB respond to management practices. A decline in SBM has been 

reported by Guo et al. (2022) under Cunninghamia lanceolata monoculture. A past study 

also showed that SMB content varied with soil type (Wei et al., 2022). Therefore, 

assessing SMB C, N, and P under different integrated soil fertility management (ISFM) 

technologies could improve our understanding of how they respond under maize-based 

cropping system in Humic Nitisols. 

The effect of the conservation tillage system on SMB is weighty in the current literature 

than the conventional tillage system (Bolo et al., 2021). Conventional tillage has been 

shown to decrease MBC and MBN (Li et al., 2018). A meta-analysis revealed a higher 

total SMB under reduced tillage systems than under zero and conventional tillage systems 

(Morugán-Coronado et al., 2022). Evaluating the effect of tillage frequencies from no-

tillage (NT) and semi-annual tillage to conventional tillage (CT) after every 4, 2, and 1 

month, Xiao et al. (2019) found that MBC gradually declined with the increasing tillage 

frequency, but MBN declined rapidly under all the tillage frequencies. This could be 

because soil microbial biomass is a function of diverse microbial communities that may 

be affected differently by tillage systems. Therefore, it is still unclear whether MBC, 

MBN, and MBP respond similarly to a particular tillage system. Assessing these 

parameters under conventional and minimum tillage, especially when treated with soil 

fertility amendments, provides crucial information on the response of SMB properties to 

different tillage systems in Humic Nitisols. 

The application of fertilizers and tillage methods influence nitrogen mineralization and 

immobilization processes. Fertilization amendments such as inorganic fertilizers and 

organic inputs contain substantial amounts of inorganic, organic, and mineralizable N that 

can hinder or enhance the mineralization process. Sole inorganic fertilizer and a 

combination with manure increased N mineralization in a study by Wu et al. (2021). There 

is also an indication that chronic N addition may negatively affect N mineralization (Song 

et al., 2022). Ashraf et al. (2022) observed rapid N mineralization under long-term manure 

treatment. Higher N mineralization has also been reported under crop residue retention 
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(Gao et al., 2021). On the other hand, previous researchers have reported increased and 

decreased N mineralization under reduced tillage and conventional tillage systems, 

respectively (Pecci et al., 2021; Vazquez et al., 2019). In contrast,  Raiesi & Kabiri (2017) 

reported decreased N mineralization under a reduced tillage system. Because of these 

contradicting findings, further study on the impact of the tillage system on N 

mineralization is imperative to better understand and manage N dynamics in the soil 

already low in plant-available N. 

Nitrogen mineralization studies provide important N fertilization management 

information (Akponikpè et al., 2010). However, these studies are complex, time-

consuming and often confounded by interactions among environmental, management, and 

litter biochemical characteristics. Consequently, process-based models are gaining 

prominence in understanding N mineralization process. The Agricultural Production 

Systems sIMulator Model (APSIM) is one such model that, through a simple 

mineralization module (SMM), permits appropriate parameterization of N mineralization 

and provides vital information for effective nutrient management. The Model has been 

employed in supporting N management decision-making regarding cattle manure, millet 

residue and inorganic fertilizer application (Akponikpè et al., 2010). It also accurately 

predicted N mineralization from Brassica catch crop residues (Vogeler et al., 2019). 

Additionally, APSIM has been shown to adequately simulate conservation and 

conventional tillage practices under different N rates (Chaki et al., 2022). One striking 

strength of APSIM is that it has a user interface that enables the parameterization of 

complex soil processes (Cichota et al., 2021). Despite this potential to simulate N 

mineralization and reduce experimental cost, APSIM has not been extensively applied in 

maize-based cropping systems that integrate different fertility amendments under various 

tillage methods in the Central Highlands of Kenya (CHK). 

The addition of inorganic fertilizers, animal manure, or a combination of inorganic 

fertilizers and animal manure are some common approaches farmers adopt to improve P 

in cultivated soils (Bhattacharyya et al., 2015; Wei et al., 2022). Cereal-legume intercrop, 

rock phosphate (RP), and Tithonia diversifolia are additional technologies utilized to 
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improve CHK soil P (Soltangheisi et al., 2018; Somavilla et al., 2021). These fertilization 

technologies may affect P dynamics like P fractions, maximum sorption capacity (Smax), 

degrees of saturation (DPS), and P use efficiency (PUE). However, Arruda et al. (2019) 

opined that organic amendments significantly impact P sorption characteristics more than 

inorganic fertilizers. On the other hand, Pradhan et al. (2021) reported contradicting 

results of organic amendments on DPS. Understanding the effects of different fertilization 

sources on P fractions, Smax, DPS, and PUE is vital for better comprehension and 

management of P under CT and minimum tillage (MT) systems in acidic Nitisols.  

1.2 Problem Statement  

Nitrogen and P are the two most crucial limiting nutrients in Humic Nitisols in tropical 

and subtropical agricultural soils (Wanjiku et al., 2019). About 80% of the global 

population depends on agriculture. Humic Nitisols are the most cultivated soil globally, 

thus the low levels of these nutrients in the soil could have far-reaching consequences.  

Nitisols is the predominant type of soil in Chuka Subcounty, Tharaka-Nithi County of 

Central Highlands of Kenya (CHK), and is often characterized by high acidity, low N, and 

P. The decline in soil N and P is caused by poor agricultural activities, such as unsuitable 

tillage methods and exhaustion of nutrient reserves without adequate replenishment. 

Moreover, it is a serious concern that despite the crucial role played by SMB in 

replenishing soil nutrients, available studies in Nitisols remain scanty (Zhu et al., 2020). 

Since there are controversies on soil microbial studies associated with; the duration of the 

experiment, cropping systems, and substrate type and rates, it is imperative that selected 

ISFM technologies are evaluated against microbial biomass in a maize-based cropping 

system in the region.  

Soil microorganisms and enzymes drive the mineralization process and are responsive to 

soil management practices and different soil types. Assessing this process under the 

selected ISFM technologies is critical in deepening our understanding of N mineralization 

in a Humic Nitisol. Soil biological processes are highly variable and difficult to predict, a 

problem exacerbated by climatic variabilities and unpredictability. Studies of such 
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complex processes can greatly benefit from robust simulation models such as APSIM for 

N management decision-making (Gaydon et al., 2017; Soufizadeh et al., 2018). 

Nevertheless, N mineralization simulation studies in Humic Nitisols are generally very 

scarce, especially in Chuka Subcounty. Deploying APSIM in studying N mineralization 

enhances knowledge on the N mineralization process in such soil types under divergent 

tillage systems treated with various soil fertility amendments. 

Phosphorus fractionation and sorption characteristics greatly influence soil P status and 

PUE. Very few past studies have investigated how different ISFM technologies impact P 

dynamics in the Humic Nitisols of Chuka Subcounty (Bhattacharyya et al., 2015;  Wei et 

al., 2022). Thus, assessing the status of various P fractions and PUE in response to long-

term fertilization on contrasting tillage systems is vital to improve our knowledge of P 

behaviour in Humic Nitisols. Furthermore, P sorption characteristics are critical factors in 

risk assessment systems that control P release and are positively related to P fractions (Bai 

et al. 2019). However, sorption parameters have been shown to react differently to the 

same treatments executed in different studies. This revelation strongly supports the need 

for additional information on P fractions and sorption characteristics to advance the 

understanding of P changes and mobility. It is, thus, essential to investigate P 

fractionation, sorption characteristics, and use efficiencies in Humic Nitisols in response 

to ISFM technologies, as this information is currently limited in the study area.  

1.3 Justification 

Agricultural production is mainly limited by the soil's low N and P, leading to food 

insecurities. The deficiencies of  N and P will significantly contribute to the projected 25-

110% food gap between the current agricultural production and the future production 

levels (Hunter et al., 2017) if not corrected. Improving soil N and P through sustainable 

technologies is core to tackling socio-economic problems in developing economies that 

depend on agriculture. For instance, Kenya incurred an estimated US$38 billion loss in 

the gross domestic product due to reduced labour productivity caused by malnutrition 

(USAID, 2014). The low food production in Chuka Subcounty is because the farmers 
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practice agricultural intensification systems without adequately replacing the lost nutrients 

due to high cost and sometimes unavailability of inorganic fertilizers within the locality.  

Integrated soil fertility management is an approach that has been proposed to sustainably 

improve soil fertility and agricultural productivity among smallholder farmers in Chuka 

Subcounty. The components of the ISFM technologies in this study are abundant and 

readily available in the region. The approach harnesses locally available resources and can 

reduce or eliminate expensive inorganic fertilizers. The advantage of ISFM technologies 

is that they are adaptable to heterogenous local farm conditions. Because of this, the 

components of ISFM are vast and variable. Therefore, understanding the effects of 

emerging ISFM technologies on soil N and P dynamics is crucial in enhancing crop 

productivity through improved soil fertility. Soil microbial C, N, P, N mineralization, P 

factions, and sorption characteristics contribute to plant soil health and nutrition. The 

information on how the selected ISFM technologies influence these parameters can 

benefit farmers in the region, researchers, and other stakeholders wanting to upscale the 

technologies. Modelling scientists can also benefit from the results of APSIM as a decision 

support tool in N management by seeking to improve the model or replace it with other 

process-based models. 

1.4 Objectives 

This sub-section covers the main and specific objectives of the study. 

1.4.1 Main Objective 

The main objective was to evaluate the effects of selected ISFM technologies on soil 

microbial biomass, N mineralization and simulation, P dynamics, and soil moisture for 

enhanced crop productivity in Humic Nitisols. 
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1.4.2 Specific Objectives 

The specific objectives of the study were to: 

i. Determine the effects of selected ISFM technologies on soil microbial biomass N, 

C, and P. 

ii. Evaluate the effects of selected ISFM technologies on N mineralization, partial 

factor productivity, and apparent N recovery. 

iii. Simulate soil N mineralization under selected ISFM technologies. 

iv. Assess the response of soil phosphorus fractions, degree of saturation, maximum 

sorption capacity, use efficiency, and legacy to selected ISFM technologies and, 

v. Evaluate the effects of the selected ISFM technologies on maize yield,soil 

moisture content, and water productivity. 

1.5 Research hypotheses 

Four research hypotheses were identified, namely: 

i. Selected ISFM technologies do not significantly affect soil microbial biomass 

N, C, and P. 

ii. The selected ISFM technologies have no significant effect on N 

mineralization, partial factor productivity, and apparent N recovery. 

iii. The APSIM is not the best suited to simulate soil N mineralization under the 

selected ISFM, and 

iv. Selected ISFM technologies have no significant effect on soil phosphorus 

fractions, degree of saturation, maximum sorption capacity, use efficiency, and 

legacy. 

v. The selected ISFM technologies have no significant effects on maize yield, 

soil moisture content, and water productivity. 
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1.6 Scope of the study 

This study investigated the effects of selected ISFM technologies on MBC, MBN, MBP, 

N mineralization, P fractions, P sorption characteristics and PUE in the Humic Nitisols of 

Chuka Subcounty. The study also validated the use of APSIM in simulating N 

mineralization under the selected ISFM technologies. The data on the parameters of 

interest were collected during short rains in 2020 (SR20) and long rains in 2021 (LR21) 

from an experiment established in March 2016 during the long rains (LR16) season. The 

study adopted maize (Zea mays L.) H516 variety as the test crop to understand the 

influence of the selected ISFM technologies on crop productivity 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

Among other aspirations, the Sustainable Development Goals (SDGs) aim is to eradicate 

poverty, safeguard the planet and guarantee the prosperity of every person by 2030. 

Improving and maintaining soil quality could be vital in achieving these SDGs. Currently, 

soil fertility decline is one of the root causes of food insecurity worldwide and could derail 

the attainment of the SDGs. The bulk of SSA agriculture is rain-fed, occasioned with low 

soil fertility investment making the region one of the poorest and experiencing stagnated 

or declining crop productivity (Kiboi et al., 2019). Sub-Saharan Africa produces 1.5 t of 

cereal crops ha-1, representing only 30% of its potential ( Epule & Bryant, 2015). This low 

production is attained from arable land, where 65% is already degraded and relied upon 

by over 2 million people (Wanjiku et al., 2019). These statistics indicate the need for 

prompt interventions to improve soil fertility which can have a multiplier effect on 

agricultural production in the SSA region.  

Though it is projected that maize will continue to play a major role in global and regional 

food and fodder dynamics, its production in the Central Highlands of Kenya (CHK) has 

constantly remained low. Maize productivity is less than 2.0 t ha-1 against the region's 

potential of 6.0 t ha-1 (Kiboi et al., 2017). The meagre maize productivity is, to a larger 

extent, attributable to low soil N, P, and water use efficiency. Water is a key limiting factor 

in the rainfed agricultural production system as Fang et al. (2010) emphasised a reduction 

in maize yield by 20 - 85% due to water scarcity. The recent prediction that farmers under 

rainfed agriculture risk experiencing a decrease in crop yields of approximately 50% in 

the next 30-35 years if the soil fertility issue is not urgently addressed is more problematic 

and needs urgent action. 
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Soil fertility is a challenge in SSA because land is under pressure to support the rapid 

population growth. Under just 50 years, agricultural land use has caused the depletion of 

total organic carbon and total N by 72% and 15%, respectively (Willy et al., 2019). 

Together with overreliance on rainfed agriculture by smallholder farmers, the degraded 

soil fertility significantly contributes to low agricultural productivity. Low soil moisture 

is also a critical challenge in rainfed agricultural production systems that further decreases 

crop yield. With the increasing rainfall water scarcity due to climate change (Cook et al., 

2018), there is an urgent need for technologies that both replenish soil fertility and enhance 

crop water productivity (WP) and nutrient use efficiency. Previous studies have not 

comprehensively evaluated the long-term impact of ISFM technologies on WP to 

understand rain water performance in the Humic Nitisol despite being arguably the most 

agriculturally cultivated soil type worldwide, especially in the Chuka Subcounty. 

Humic Nitisol covers approximately 1.6% of the global land surface and is the most 

agriculturally utilised type of soil according to FAO soil classification 

(https://www.fao.org/3/Y1899E/y1899e06.htm). As the predominant soil type in the CHK 

(Jaetzold et al., 2006), the main agricultural limitations are intrinsic low N, P and high 

acidity. Considerable nutrients are also lost through leaching, crop mining, runoff, and 

soil loss due to erosion (Musyoka et al., 2018). Rejuvenating the N and P status of these 

soils is thus crucial for sustainable agricultural productivity. 

2.1.1 Drivers of Soil Fertility Decline 

Drivers of soil fertility decline vary from farm to farm, region to region, and country to 

country because of variable socio-economic, biophysical, and land use conditions. Lack 

of adequate soil fertility replenishment through external inputs application has been 

extensively cited by researchers as one of the leading causes of soil fertility decline 

(Okeyo et al., 2014). Even with the prevailing yield gap, soil fertility management at the 

farm level is still challenging because of the high cost and unavailability of soil fertility 

amendments, both inorganic and organic sources. 

https://www.fao.org/3/Y1899E/y1899e06.htm
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Plant nutrient mining through harvesting, nutrient loss via erosion, and run-off at rates 

greater than replenishment by weathering of primary rock minerals also contribute to 

declining soil fertility (Eger et al., 2018). Without soil conservation measures, the amount 

of soil and nutrients lost through erosion was approximately 41.5 t ha-1 annually. 

Moreover, as much as 57% and 31% of organic carbon (OC) and available P, respectively, 

were quantified to be lost from the eroded but cultivated soils in Rwanda (Kagabo et al., 

2013). It is estimated that more than 80% of agricultural activities are practised under rain-

fed conditions and influenced by climatic variations associated with low soil moisture and 

nutrient content (Okeyo et al., 2014). 

The tillage system affects soil fertility in terms of distribution and exposure to depletion 

agents. Wyngaard et al. (2012) intimated that conventional tillage changes the distribution 

of soil properties within the soil profile and also affects biochemical activities in the soil 

mass. Soil aggregate stability, soil organic carbon (SOC), and water retention capacity 

have been found to reduce under conventional tillage systems (Ordoñez-morales et al., 

2019). On the other hand, it has been reported that a conservation tillage system can 

reverse the effects of CT. For instance, it is opined that the conservation tillage; i) alters 

organic C profile and concentrates it in the soil surface layer, ii) protects soil organic 

matter (SOM) from rapid decomposition, iii) increases water retention, iv) boosts soil 

fertility amendments responsiveness, and v) increases N mineralization and restores 

biological processes thus increasing crop productivity (Kiboi et al., 2017). Therefore, the 

need to understand the response of soil biological and chemical properties to different 

agronomic practices under an appropriate tillage system is of great importance. 

Frantic attempts to use inorganic amendments as a source of nutrients have failed because 

these fertilizers are expensive, sometimes not available to smallholder farmers, (Kiboi et 

al., 2019). Use of the wrong type of fertilizer at times, is another factor that affects crop 

growth. Deliberate efforts have been made in Chuka Subcounty to promote the integration 

of amendments that meet smallholder farmers’ financial needs for the enhancement of 

agricultural production (Musyoka et al., 2017). These interventions have mainly 
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concentrated on assessing the effects of the integration of various amendments on crop 

productivity without giving much attention to soil biological quality and P dynamics. 

2.1.2 Potential Soil Fertility Solutions 

Integrated soil fertility management could be the best bet to improve soil biological quality 

and chemical fertility. Integrating inorganic fertilizers and organic amendments could 

prevent N loss and increase agricultural productivity due to improved agronomic use 

efficiency of the applied amendments. Sole application of organic amendments (organics) 

or in combination with inorganic fertilizers affects soil's physical and chemical properties 

(Brunetti et al., 2019). This may affect SMB, N mineralization, and P dynamics. Nitrogen 

and P inputs from ISFM may alter nutrient cycles, affecting microbial communities, soil 

enzymatic activities, and thus, N mineralization and P fractions. Also, there are indications 

that ISFM influences the amount and distribution of P fractions within the soil profile 

(Soltangheisi et al., 2018). 

Researchers have recommended one or more components of ISFM as a means of 

addressing soil fertility decline. For example, the co-application of crop residues and 

inorganic fertilizer has been proposed by  Zhang et al. (2021), while the sole application 

of inorganic fertilizer has also been advocated for. Organic inputs such as manure and T. 

diversifolia have also been tested successfully. Additionally, combined inorganic fertilizer 

and organic amendments are well-documented concepts in soil fertility management (Lian 

et al., 2022). Rock phosphate and cereal-legume intercropping with common beans, 

cowpeas, and Dolichos lablab (Costa et al., 2021) have also been promoted. Therefore, 

assessing an array of ISFM technologies, as opposed to one-for-all recommendations for 

diverse farms, can solve soil fertility issues.  

Tillage affects aggregate-size classes (Nyawade et al., 2019), which influences various 

microbial accessibility to aggregate-linked SOM affecting N mineralization. But limited 

consensus exists on the pattern of aggregate-associated nutrient mineralization as affected 

by tillage. The contention is partly attributed to different types of crop residues (Tian et 
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al., 2016). For instance, N mineralization patterns differed between canola and wheat 

residues. Jha et al. (2020) reported about a 5%, 25 %, and 30% increase in SOC, total N, 

and MBC in a Vertisol under conservation tillage with crop residue retention. Still, 

Minimum tillage (MT) may replace labile P fractions and enhance the availability of 

residual P to crops. However, the effect of tillage on soil physicochemical properties can 

have a comparable influence on soil microbial biomass. Soil microbial community and 

functions were redundant in both MT and CT tillage systems in Kaolitic soil (Lopes & 

Fernandes, 2020).  

Generally, the impact of the tillage system on soil fertility remains inconsistent. This can 

be attributed to treating the tillage systems with different soil fertility amendments. 

Perhaps, such practices greatly affect soil organic matter (SOM), thereby influencing 

SMB, N mineralization, and P fractions. Past studies blamed CT for the waning soil 

fertility in the CHK (Kiboi et al., 2017, 2019). However, this is not sufficiently justified 

due to the inconstancies associated with the effect of the tillage system on soil quality 

parameters. Most ISFM technologies under various tillage methods promoted in CHK 

have been evaluated against soil chemical and physical parameters (Kiboi et al., 2019). 

However, there is a need to complement this traditional assessment approach with the 

biological evaluation of the performance of ISFM under different tillage systems. 

2.2 Conceptual Framework 

The relationship between the independent and dependent variables of the study is shown 

in Figure 2.1. Independent variables are the various ISFM technologies which included; 

1) Inorganic fertilizer, 2) maize residues + mineral fertilizer, 3) maize residues + mineral 

fertilizer + goat manure, 4) maize residues + Tithonia diversifolia + rock phosphate, 5) 

maize residues+ goat manure + Dolichos lablab, and 6) maize residues + Tithonia 

diversifolia + goat manure, combined with either conventional (CT) or minimum (MT) 

tillage systems. The variables of objective 1 included; SMB C, N, and P. The dependent 

variables in objective 2 were; N mineralization, partial factor productivity (PFP) of N, and 

N recovery. In objective 3, APSIM was validated to predict N mineralization under the 
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independent variables. The dependent variables in objective 4 included; labile and non-

labile (recalcitrant) fractions of P, maximum sorption capacity, degree of saturation, 

legacy, and agronomic use efficiency.  

Lack of implementation of the independent variables is associated with the depletion of 

dependent variables, denoted by odd number arrows 1 to 7, pointing away from the 

variables. Therefore, the execution of the independent variables significantly affected the 

dependent variables, denoted by the even numbered arrow 2 pointing towards the 

variables. Hypotheses 1, 2, and 4 were rejected because independent variables caused 

significant effects on dependent variables of the associated objectives. Hypothesis 3 

associated with objective 3 was also rejected since the prediction of N mineralization by 

APSIM was validated. 
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Figure 2.1: Conceptual Framework 

2.3 Soil Microbial Biomass Dynamics 

Soil microbial biomass is an important emergent soil property that is primarily regulated 

by soil pH and Al3+ (Jones et al., 2019). Soil microbes play a crucial role in ecosystem 

processes like nutrient and C cycling and are influenced by field management and soil 

health (Jia et al., 2020). Globally, it is estimated that MBC, MBN, and MBP storage on 

the 0-30 cm top soil is 23.13 Pg, 3.93 Pg, and 2.16 Pg, respectively (Wang et al., 2022). 

Fungi and bacteria account for more than 90% of the total SMB and mainly drive the 

decomposition of SOM, which controls the fate of the nutrient cycle in the soil.  
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Soil microbial C contributes to SOC through the transformation of organic labile C to 

more tenacious anabolic forms (Zhu et al., 2020), explaining the strong correlation 

between SOC and MBC (Wang et al., 2020). On the other hand, MBN contains the largest 

fraction of biologically active soil N which is particularly crucial in soil N cycling. This 

is because SMB adapts to changes in the soil ecosystem by two mechanisms; i) 

maintaining stable stoichiometric homeostasis and/or ii) changing the soil elemental 

balance (Asada et al., 2022). Soil MBP is a crucial soil P fertility indicator and relates 

perfectly with P uptake and crop yield (Peng et al., 2021). However, its turnover depends 

on soil P availability. 

Soil microbial biomass dynamics are strongly linked to soil physicochemical properties. 

Therefore, technologies that affect soil physicochemical properties, such as fertilization 

and tillage, may impact SMB, impacting MBC, MBN, and MBP. A previous study by Jia 

et al. (2020) reported increased MBC and MBN and attributed the increment to the effect 

of N fertilization on soil property. Ludwig (2019) similarly linked the improved soil 

aggregate size distribution and SMB to N intensification in a semi-arid ecosystem under 

different types of crops. A meta-analysis revealed a decrease in SMB under N fertilization 

(Wang et al., 2018). The Uptake of P associated with MBP exhibited temporal variations 

under varying P stocks in forested soil (Spohn et al., 2018), while MBP was significantly 

higher under inorganic P fertilization in grassland soil (Shi et al., 2020). SMB responds 

differently to nutrient availability and amendments with different C/N/P/S ratios (Fujita 

et al., 2019). Assessing the response of SMB C, N, and P to varying fertility amendments 

is, thus, imperative in advancing the understanding of the impact of ISFM technologies 

on SMB, C, N, and P. 

2.3.1 Effects of ISFM on Microbial Biomass Dynamics  

Soil fertility amendments and tillage can change the composition of the microbial 

community by altering soil chemical properties; C content, availability of N, soil pH, and 

soil moisture, and soil physical parameters; aggregate formation and soil structure 

(Ordoñez-morales et al., 2019; Vazquez et al., 2019). Nitrogen fertilization may affect the 
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distribution and abundance of specific soil microfauna. Bacteria require higher soil N 

compared to fungi; thus bacteria to fungi ratio may increase following N addition. 

However, in the situation that N addition results in low soil pH, the ratio is reversed 

because acidity inhibits bacterial growth, while fungi are more adaptable to acidic 

environments compared to bacteria, which eventually affects microbial C, N, and P.  

Soil fertility amendments of organic origin impact soil microbe communities, influencing 

SMB C, N, and P. Microbial C, N, and microbiome enzyme activity increased with 

farmyard manure application (Luo et al., 2018). Israr et al. (2019) found higher MBC on 

green manure-treated plots than the control. Available P and manure C significantly 

increased MBP by 330 and 3.7 μg P kg-1 soil, respectively, in acidic soil where MBP 

critical level was found to be 140 kg ha-1 (Peng et al., 2021). These findings illustrate the 

greater effects of different types of manure on SMB nutrients, particularly MBC. Despite 

the variant responses of SMB C, N, and P to different fertilizations, microbial resource 

studies in CHK are few and with varying outcomes (e.g., Kiboi et al., 2018). It is, thus, 

essential to study the three SMB resources under multiple soil nutrient supplementations 

in the Humic Nitisols in the study area. 

Inorganic fertilization has been shown to influence SMB resources. Applying inorganic P 

was found to have significantly increased MBP but did not affect MBC and MBN in 

grassland (Shi et al., 2020). Also, substantially higher MBC and MBP were reported in a 

Vertisol under wheat cultivation fertilized with inorganic P (Mahmoud et al., 2018). 

Contrary, MBC and MBP negatively correlated with available soil P in a study conducted 

by Fujita et al. (2019). In a bean-wheat cropping system, NPK (23:45:25) increased MBC 

and MBP but had the lowest MBN (Azeem et al., 2019). But, Zheng et al. (2020) found 

that SMB resources were co-limited by N but not C and P. Moreover, the same authors 

found high MBC limitations under the sole application of inorganic fertilizer. In contrast, 

sole NPK, NPK plus a low amount of straw, and NPK combined with a low amount of 

manure eliminated MBP limitation. In paddy soil, reduced levels of NPK plus a low 

amount of rice straw and sole NPK significantly increased MBC and MBN (Ding & Su, 

2018). Studying the response of SMB resources to sole NPK (23:23:0) and Triple 
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Superphosphate (TSP) or in combination with organic amendments would enhance our 

understanding on SMB dynamics in a Humic Nitisol under maize cropping system. 

A global meta-analysis study epitomises the crucial impact of tillage on SMB dynamics 

(Li et al., 2018). A reduction in MBC and MBN was observed under the CT system in 

calcareous soil (Xiao et al., 2019). While Kiboi et al. (2018) did not find a significant 

effect of tillage on SMB C and N in a short-term study, Xiao et al. (2019) reported a sharp 

decline in MBN under CT and MT systems. Conversely, from the global meta-analysis 

results, MBC increased by 33% under MT with residue removal treatment, while MT with 

residue retention increased MBC and MBN by 25% and 64%, respectively (Li et al., 

2018). Given the varying results, it was important to study the impact of treating CT and 

MT systems with multiple amendments on microbial elements under the maize cropping 

system. 

2.4 Soil Nitrogen Mineralization 

Nitrogen availability is vital for plant growth and microfauna functionality. However, it 

is the most frequently deficient in agricultural fields. Both natural and anthropogenic 

processes cause the decrease in available N. Generally, global N is low because output 

exceeds soil N input (Wang et al., 2018), but the availability of N may increase through 

the mineralization of organic N into inorganic forms.  

Organic amendments contain appreciable amounts of C, N, P, and K that can promote N 

mineralization. A previous study established about 49% association between MBN and 

net N mineralization (Wu et al., 2021), while MBC affected N mineralization with a path 

coefficient of 0.405 (Yang et al., 2020). Worldwide N demand is estimated to rise soon. 

Therefore, the mineralization of organic N could play a crucial role in balancing the 

demand while safeguarding environmental integrity. Nevertheless, effective management 

of mineralized N is challenging because it is susceptible to losses through; denitrification, 

erosion, volatilisation, leaching, and microbial immobilization (Musyoka et al., 2018). N 

mineralization studies may crucially enhance the management of N in agricultural fields.  
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2.4.1 Effect of Integrated Soil Fertility Management on Soil Nitrogen 

Integrated soil fertility management leads to both inorganic and organic N increase in the 

soil. Despite this, there is still a profound knowledge gap in understanding the impact of 

this double input on N transformations in acidic soils under maize-based cropping 

systems. Soil N transformation processes are driven primarily by soil microbial 

communities. It was documented in China that combining inorganic and organic fertilizers 

affected soil fungal and bacterial community compositions, attributed to the effect of the 

rate and type of N on soil respiration (Chen et al., 2018). Ma et al. (2018) reported that 

integrating inorganic and organic fertilizers changed the competitive uptake of organic N 

between wheat crops and soil microorganisms and noted a positive correlation between N 

uptake and inorganic N. These could have a remarked impact on soil N mineralization in 

maize-based cropping systems under acidic soil. Therefore, it is imperative to understand 

N mineralization as affected by various ISFM technologies under acidic soils for adequate 

soil N fertilization and management decisions. 

Inorganic fertilizers are important N addition to the soil, profoundly influencing 

microfauna functions and N mineralization potential (Wyngaard et al., 2018). Combining 

manure with inorganic fertilizer improves N mineralization by enhancing the 

accumulation of aggregate-protected and unprotected C (Ashraf et al., 2022). Nitrogen 

mineralization would otherwise decrease in conditions with low C (Song et al., 2022). 

Inorganic P combined with a low inorganic N fertilizer improved gross and net N 

mineralization in a wheat cropping system (Bicharanloo et al., 2022). NPK fertilizer 

enhances N mineralization by regulating bacterial community and SMB (Wu et al., 2021). 

Nevertheless, N mineralization is transient and very dynamic; hence, assessing the effect 

of inorganic fertilizers (NPK 17:17:17 and TSP topped with calcium ammonium nitrate, 

CAN) provides crucial N management information in an N and P-deficient acidic soil of 

CHK. 

  



20 

Rock phosphate (RP) is a natural source of P which affects N mineralization. For instance 

Moharana & Biswas (2018) found the highest N mineralization under RP-enriched rice 

straw compost than under normal compost. Furthermore, enriching compost with RP can 

promote rapid N mineralization. Additionally, treating cow and pig manures with RP 

resulted in rapid N mineralization in a laboratory study conducted in South Africa 

(Ajibade et al., 2020). A short-term study showed a varying effect of combining RP with 

T. diversifolia on NH4
+-N and NO3

−-N across sampling dates under conventional and 

minimum tillage methods (Kiboi et al., 2020). Few past mineralization studies 

demonstrate the effect of RP on N mineralization, but the majority are short-term 

experiments conducted in controlled environments such as laboratory incubation studies. 

Therefore, field incubation under a long-term trial is critical to validate or invalidate the 

findings of laboratory studies. 

Mixing organic amendments of different qualities (e,g., C: N ratio) may influence N 

mineralization. The ratio (C: N) may either lead to N chemically binding to lignin and 

phenolic compounds or result in well-decomposed and recalcitrant organic matter, 

resulting from the initial rapid litter decomposition rate. The latter scenario enhances N 

mineralization that can adapt to low soil pH, especially when there is an increase in the 

availability of ammonia (Månsson & Falkengren-Grerup, 2003). The addition of litter to 

the soil system could, therefore, impact the soil N mineralization process. Rothé et al. 

(2019) found 18.4 % synergetic nitrogen mineralization when Lablab purpureus was co-

applied with composted manures in a pineapple plantation. Elsewhere under sandy loam 

soil, organic inputs increased net mineralization by 10% to 55% (Cassity-Duffey et al., 

2020). Moreover, organic fertilization affected ammonia-oxidizing archaea and bacteria 

community structure and abundance in paddy soil (Dai et al., 2021), which may impact 

the overall N mineralization process. These examples reveal that N mineralization from 

different organic amendments (animal manure and litter) is variable (Lazicki et al., 2020) 

and show no clear trend in different soils. It is, therefore, important to study the interactive 

effect of multiple organic amendments on N mineralization, particularly in Humic 

Nitisols, which are acidic. 
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The tillage method modifies the soil fertility dynamics and can either favour a build-up or 

loss of N, depending on the type of tillage practised (Nyawade, 2019). It affects soil 

microbial biomass, which in turn influences N transformations. Vazquez et al. (2019) 

reported that the tillage method affects microbial activities which are reflected in N 

cycling. Minimum tillage enhanced microbial activities in degraded acidic soils in Spain, 

increased soil moisture, and improved resistance of microbial activities to drought stress 

in a Mediterranean climate (León et al., 2017). While Vazquez et al. (2019) reported that 

no-tillage increased net mineralization, Raiesi & Kabiri (2017) recorded a decreased rate 

of N mineralization under conservation tillage. The contradictions could be a result of 

other management practices performed under the tillage methods. It is, therefore, vital to 

understand N mineralization under conservation and conventional tillage systems 

managed under ISFM strategies. 

2.4.2 Modelling Nitrogen Mineralization 

Uncertainties that characterize climate change and the high cost of trial experimentations 

within the realm of the changing climate have continued to force a paradigm shift to 

simulation studies. Process-based crop growth and cropping system models have been 

widely deployed to perform valuable studies on a wide range of topics, such as: assessing 

the impact of climate change; yield gaps and trends; evaluating the effect of sowing dates, 

nitrogen, soil moisture, crop varieties; cropping densities and sequence; and fertilizer 

management (Gaydon et al., 2017; Soufizadeh et al., 2018), among others. These models 

include; DSSAT, ORYZA (Radanielson et al., 2018), CSM-CERES-Maize (Hammad et 

al., 2018), and others. Nevertheless, different models, parameterized with the same 

parameters/inputs, can differ in their representation of the variable of concern. Therefore, 

there is a need for a specific, best-fit system-based model to simulate N mineralization, 

which is a very dynamic process affected by farmers’ management practices (Gaydon et 

al., 2017). 
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Nitrogen mineralization is a complex process that requires accurate decision-support tools 

for effective management and prediction. Evidence of modelling N dynamics exists in the 

current literature, such as; Cold Regions Hydrological Modelling Platform (CRHM; Costa 

et al., 2021), DNDC model (Li et al., 2014), STICS soil-crop model, 2SN model (Venterea 

et al., 2021), Microbial-ENzyme Decomposition (MEND) model (Wang et al., 2020). 

Nitrogen dynamics has also been modelled using; Environmental Policy Integrated 

Climate (EPIC) model, HYDRUS-2D, SWB-Sci computer model (Ogbazghi et al., 2016), 

NCSOIL model (Noirot-Cosson et al., 2017). Additionally, N dynamics have been 

modelled under the maize-common bean intercrop system using the MOMOS model. 

Also, the PASTIS model was utilized to study N mineralization under repeated compost 

manure application (Chalhoub et al., 2013). These models have limited capability to 

model real farmers’ soil fertility management decision trees, which is often complicated 

and changes from time to time depending on resource(s) availability. 

The Agricultural Production Systems sIMulator Model (APSIM) has been improved to 

simulate complex interactions between crop genotype, climatic conditions, and 

management practices across varied environments (Brown et al., 2018). The APSIM is an 

even more powerful decision-support tool (Holzworth et al., 2018). It is a robust, efficient, 

and simple technique that can simulate various agricultural production scenarios. The 

sIMulator has successfully been used to study cropping systems, the effects of disease on 

crop yield, the salinity effect on sunflower yield, and the effect of conservation agriculture 

on wheat yield within the climate change context (Gaydon et al., 2017). The APSIM 

cropping systems modules (Holzworth et al., 2014) and soil module (SoilOrganicMatter) 

(Cichota et al., 2021) make APSIM a suitable candidate model to study N mineralization 

under contrasting tillage systems treated with diverse soil fertility amendments and 

residue retention in a maize cropping systems. 

The robustness of APSIM allows the simulation of N mineralization in cropping systems. 

Recently, the model was used in modelling N mineralization from Brassica catch crop 

residues (Vogeler et al., 2019). The Model has also been validated under different 

cropping systems in Asia (Gaydon et al., 2017) and modelling N mineralization in maize 
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crops (Soufizadeh et al., 2018). Furthermore, the crop module flexibility makes it possible 

to model intercrop systems (Wu et al., 2021). The few studies adopting APSIM in N 

mineralization have given attention to partitioning C pools from organic N based on first-

order decay (e.g. Luo et al., 2014; Vogeler et al., 2019). The APSIM has also been applied 

in assessing the effect of inorganic fertilizer on N mineralization (Khaembah et al., 2021) 

and the estimated effect of P fertilization in Vertisols (Raymond et al., 2021). It is, 

therefore, important to evaluate the capability of APSIM to model N mineralization under 

a combination of inorganic and organic fertilizers. Parameterization of just one source of 

fertilization can lead to over- or underestimation of a parameter (Mohanty et al., 2012). A 

previous study intimated that APSIM accurately predicted NO3
−-N but poorly estimated 

NH4
+-N and suggested improvement in mineralization processes in APSIM (Smith et al., 

2019). 

The tillage effect on soil parameters has been reliably modelled using APSIM. Yang et al. 

(2018) accurately modelled the effects of conservation tillage practices on 

evapotranspiration, soil water dynamics, and crop WP under maize-winter and wheat-

soybean rotation systems. Ram et al. (2018) studied the effect of the tillage system on 

organic matter decomposition and recommended an improvement in the tillage component 

in crop models. The effect of N application rates, tillage, and residue management on N 

dynamics was later successfully modelled in a rice-wheat system using APSIM (Chaki et 

al., 2022). The application of APSIM on understanding N mineralization under minimum 

tillage treated with diverse amendments remains scarce, especially in CHK. 

2.4.3 Nitrogen Use Efficiency  

Low soil N, the high cost of N fertilizers, and their low use efficiencies have shifted 

attention to improving nitrogen use efficiency (NUE) for sustainable crop production. 

Nitrogen is one of the most important macronutrients for crop growth and development, 

yet its net use efficiency is just 30-35% (Umar et al., 2020). The global average NUE is 

38% which varies with the type of crops in response to soil property changes (Yu et al., 

2022). Several studies have found improved NUE in different crops under low soil N 
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conditions (e.g., Liang et al., 2022). However, it differs among different crops even when 

treated with the same fertility amendments (Musyoka et al., 2017). Moreover, fertilizer 

response and NUE by maize are often spatially variable. Inorganic fertilizers, organic 

inputs, and residues of previous crops are important sources of N in soils experiencing N 

deficiency like Humic Nitisols.  

Slow-releasing N fertilizers like urea were reported to have enhanced maize NUE in Nepal 

(Gautam et al., 2022). Liang et al. (2022) proposed the co-application of N as NH4
+-N 

with P and K fertilizers for sustained NUE. Organic amendments are sources of NH4
+-N 

through the mineralization process, while enhanced NUE has been reported under organic 

amendments in various crops (Hua et al., 2020). A global meta-analysis found low maize 

and wheat NUE under organic fertilizers (Yu et al., 2022). This finding was nevertheless 

contradicted by the results of Afreh et al. (2018), who found higher NUE under manure 

application. These differences in findings could be attributed to the type and quality of 

organic amendments applied. Moreover, a study intimated that ammonia nutrition cause 

an NUE decline (Chen et al., 2023). Also, residue retention with or without inorganic 

fertilizer (Yang et al., 2022) and RP (Cheptoek et al., 2022) have demonstrated their 

ability to improve the NUE of various crops in different locations. A study conducted by 

Biswas et al. (2019) found improved NUE in wheat when farm yard manure was treated 

with RP. However, further information on how integrating inorganic and organic 

fertilizations influence NUE is still needed for the effective management of N in a maize-

based system. 

Nearly 50% of total N in cropped soils is from the biological fixation under legume- 

diazotrophic bacteria association (Mahmud et al., 2020), while cereal-legume intercrops 

contribute 15% (Kakraliya et al., 2018). Maize is intercropped with diverse legumes 

globally and in Kenya by smallholder farmers (Yang et al., 2017). Besides increasing 

maize yields per unit area of cropped land, maize-legume intercrop also enhances NUE 

(Xu et al., 2020). Intercropping maize with peanut (Arachis hypogaea) and soybean 

(Glycine max) resulted in 8–29%, 28–49%, and 8–29% increase in maize yield, NUE, and 
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partial productivity factor (PPF), respectively (Wang et al., 2022). Dolichos bean 

(Dolichos lablab) has an underexploited potential to fix N and improve NUE. Because N 

legume fixation varies among and within species (Mugi-Ngenga et al., 2022), the capacity 

of Dolichos beans to influence NUE should be investigated. The effect of treating 

Dolichos beans with manure under two contrasting tillage systems on maize NUE is a 

grey area for research. 

Tillage modulates conditions for NUE amidst varying and often contradicting outcomes, 

probably due to differences in soil and crop types. Nitrogen use efficiency differed across 

five tillage systems (conventional (CT), subsoiling, chiselling, disk-harrowing, and no-

tillage) under maize and wheat pure stands grown in two different soil types (Jug et al., 

2019). Fern et al. (2021) reported improved NUE in wheat and barley treated with 

inorganic N and poultry manure under a no-tillage system. Additionally, no-tillage 

combined with maize straw retention recorded higher NUE in wheat in a dry ecosystem 

(Yang et al., 2020). But, CT combined with residue retention and N addition had higher 

winter wheat NUE than reduced tillage in a cooler ecosystem (Brennan et al., 2014). A 

study reported that contour ridge tillage combined with residue retention had higher N 

recovery (NR; 29.4%), agronomic efficiency (NAE; 25.8%), and N PPF (1.7%) of maize 

than reduced tillage in Lixisol (Nafi et al., 2019). A global meta-analysis of 767 

observations for conservation tillage systems, nevertheless, reported a 15% average 

decrease in maize NUE (Zhang et al., 2022). In another study, deep vertical rotary tillage 

combined with the same N fertilizer as in a no-tillage system had significantly higher NR 

(82.1 %), NAE (36.2 %), and PPF (20.1 %) for summer maize (Zhai et al., 2019). Despite 

the varying NUE responses to tillage systems, there is a limited understanding of the effect 

of MT on maize NUE. Moreover, tillage system studies that integrate smallholder farmers’ 

complex (multiple) fertilization management are currently unavailable. 

2.5 Soil P Fractionation 

Soil P is one of the most important plant nutrients, second only to N. Its availability or 

lack of it to plants is affected by soil management practices such as fertilization and tillage. 
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These two agronomic practices have an influence on P fractions, sorption characteristics, 

and use efficiency. 

2.5.1 Soil Phosphorus 

Phosphorus is one of the three essential plant nutrients usually accumulated on the 

agricultural soil surface and is estimated to be 1412 kg ha-1 (Moe et al., 2019). The 

majority of agricultural soils worldwide have large total P reserves, but only a small 

fraction is often available for plant uptake. For agricultural optimization, P has to be added 

into the soil through inorganic and/or organic forms and legume intercrops. World over, 

P input from inorganic fertilizers and manure is estimated to be 14.2 and 9.6 million t year-

1, respectively, but 12.3 million t year-1 P is lost through harvested crops (Macdonald et 

al., 2011).  

Phosphorus regulates crop root development and forms part of adenosine diphosphate and 

triphosphate, which drive critical metabolic processes in plants. Yet, it is one of the most 

limiting essential nutrients in acidic soils such as Humic Nitisols (Bai et al. 2019). 

Phosphorus challenges are mainly linked to; low solubility, low concentrations in soil 

solution, and high fixation. Humic Nitisols are deep and highly weathered thus, contain 

substantial amounts of hydrogen (H+), aluminium (Al3+), and iron (Fe3+) ions which are 

responsible for P fixation (Mahmood et al., 2021). Therefore, the need to understand 

technologies that could improve soil P in such soils is critical for optimal crop production. 

Clay inorganic P is one of the sources of soil P, but its disadvantage is that it depletes with 

increasing soil residence time (Eger et al., 2018). Soil is often considered a P sink which 

is converted into a P-releasing source usually in response to changing external conditions, 

mostly decreasing exogenous P load (Bai et al., 2019). The P conversion process 

(mineralization) is instigated by the soil microbial need for C. Soil texture and mineralogy 

influence the chemical reaction that P undergoes after fertilization and the intensity of the 

accumulation of distinct fractions (Nunes et al., 2020). Nonetheless, a study in China 

feared that over-dependence on soil-sourced organic P could have severe implications for 
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P management (Li et al., 2019). Therefore, alternative P sources are crucial in P 

management in agricultural soils. 

Phosphorus management greatly depends on external additions from fertilizers and 

organic amendments, which may lead to P build-up in the soil. Panagos et al. (2022) 

reckon equal contributions of inorganic fertilizers and manure as P inputs. Organic P (Po) 

can be as high as 80% of total soil P in some soils (Xu & Arai, 2022). The transformations, 

mobility, and availability of P are affected not only by P and N additions but also by 

tillage, type of crop grown, P-solubilizing microbes, and enzyme activities (Tayyab et al., 

2018). A recent study reported that inorganic P fertilization moderates associations 

between arbuscular mycorrhiza, rhizosphere yeasts, and maize (Sarabia et al., 2017). 

Other P sources include RP, organic inputs such as compost, and cover crops (Soltangheisi 

et al., 2018). Additionally, P can be added to the soil by incorporating crop residues. But, 

adding crop residues low in P to soils that are also low in P can lead to net assimilation of 

organic P. Legume residues increased soil P as opposed to cereal residues which are low 

in P (Damon et al., 2014).  

2.5.2 Response of Soil P Fractions to Fertility Management Technologies 

Fertilization technologies can influence the distribution or amounts of P fractions. 

Previous studies have reported P's response to inorganic fertilizers (Bhattacharyya et al., 

2015) and animal manure (Wei et al., 2022). A study has found significantly higher P 

under the co-application of inorganic fertilizer and animal manure (Mi et al., 2018). 

Pizzeghello et al. (2016) state that inorganic fertilizer and farmyard manure affected 

extractable P forms.  

Also, RP has been reported to improve P fractions in different soil types (Soltangheisi et 

al., 2018; Somavilla et al., 2021). The contribution of inorganic phosphoric fertilizers to 

soil residual P pool was reported by Shafqat and Pierzynski (2013). It was found that large 

proportions of added inorganic P promoted the accumulation of moderately labile P on 

the topsoil layer (Pavinato et al., 2009). On the contrary, Tiecher et al. (2018) reported a 
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lack of association between inorganic fertilizers and inorganic and residual P fractions. 

Further, Soltangheisi et al. (2018) reported increased fractions of labile P under cover 

crops treated with single superphosphate fertilizer. Several studies in CHK have promoted 

cereal-legume intercrop (Arb et al., 2020) and T. diversifolia (Kiboi et al., 2020) in 

managing soil fertility. Thus, in addition to RP, it is imperative to evaluate the contribution 

of ISFM on P fractions in Humic Nitisols of the CHK. 

The effect of cereal-legume intercrop on P dynamics may be caused by interaction 

between non-mycorrhizal, mycorrhizal plants, and Mycorrhizosphere bacteria (Song et 

al., 2021). Soil microbial processes drive transformations of P as the legume crop grows 

(Joan et al., 2017). Maize-faba bean intercrop had a lower HCl-Po fraction in calcareous 

soil (Liao et al., 2020). When there was no P input, maize-faba bean intercrop depleted 

hydrochloric acid-extractable inorganic P (HCl-Pi), sodium hydroxide- extractable 

organic and inorganic P (NaOH-Po and NaOH-Pi)but increased NaOH-Pi when under 

long-term P fertilization (Liao et al., 2021). Root residues with an intermediate C/P ratio 

of intercropped maize-faba beans could lead to a reduction in sodium bicarbonate-

extractable organic P (NaHCO3-Po) and hydrochloric acid-extractable organic P (HCl-Po) 

fractions (Liao et al., 2022).  

Additionally, relative to monocropping, intercropping maize with either peanut or 

soybeans had significantly higher labile-P (3.1-7.8%), stable-P (18.7-63.2%), soluble-P 

(8.4-35.5%),  hydrolysable-P (0.2-28.3%), and exchangeable-P (38.6-637.1%) (Yang et 

al., 2022). Organic amendment (multi-nutrient compost) increased labile Pi by 62–93% 

than the control (no fertilizer addition). Still, it reduced recalcitrant Pi by 29% over 

inorganic fertilizations in a maize-cowpeas intercrop system (Roohi et al., 2020). It was 

found that microbial processes mobilized large amounts of Pi during legume crop growth 

stages (Joan et al., 2017). It has also been reported that intercropping leguminous and non-

leguminous crops did not affect P fractions (Tariq et al., 2022) which could be attributed 

to divergent legume species. Therefore, assessing P fractions under maize-Dolichos 

lablab intercrop would contribute immensely to our understanding of the effect of such a 

unique intercrop system on different P fractions. 
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Conventional and conservation tillage affect P fractions and offer an indirect path to P 

management. Modification of reduced tillage with crop residue retention increased labile 

and organic P in acidic soil in Western Kenya (Margenot et al., 2016). Nunes et al. (2020) 

found a higher accumulation of labile inorganic P (Pi) fractions, calcium-bound P (HCl-

P), and physically protected organic P (Po) under no-tillage (NT) than in CT in a clayey 

Rhodic Ferralsol. Additionally, there were higher labile and moderately labile P fractions 

but lower recalcitrant P fractions under NT than in CT in two paddy soils (Ahmed et al., 

2020). In two Brazilian Ferralsols, Thomas et al. (2022) found only a slight increase in 

recalcitrant Pi and Po and just small remains of labile fractions in addition to massive 

amounts of legacy P after long-term cultivation of soybean/cotton with varying cover 

crops rotations. 

Moreover, the tillage system did not significantly affect labile Po in a maize-based system, 

but NT had higher amounts of soluble and loosely bound P fractions. In contrast, CT had 

higher iron-bound P (Fe-P), calcium-bound P (Ca-P), aluminium-bound P (Al-P), and 

reductant soluble P (Anil et al., 2022). However, concentrations of different P fractions, 

as demonstrated by Pradhan et al. (2021), can be dictated by the crop growth stage under 

fertilization. Therefore, it is important to assess the impact of CT and MT on the quantities 

of different P fractions for effective P management in a maize-based cropping system. 

Moreover, the tillage system indirectly influences soil P dynamics by modifying the soil 

ecosystem favouring P-solubilizing microorganisms and enzymes and aggregate 

protection (Oliveira et al., 2022). The tillage method could affect the vertical distribution 

of P fractions (Obour et al., 2017). Yang et al. (2017) found a significant increase in total 

phosphorus in 20-40 cm depth under CT with maize straw mulching, while the P content 

remarkably increased in the topsoil under NT with grass mulch. It was also recorded in 

Brazil that NT did not significantly affect quantities of available P (Pavinato et al., 2009). 

However, Tiecher et al. (2018) reported a direct relationship between moderate inorganic 

P and resin P under NT. The direct impact of NT on the positive correlation between 

moderate inorganic P and resin P could have resulted because of the improved microbial 

diversity and stability (Yi et al., 2017). On the other hand, it was reported that CT 
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indirectly influenced resin-P through contribution to moderately labile organic P input. 

Though the direct effect of tillage on soil microbes and the consequent P bioavailability 

is well known, little is still known about how it affects different P fractions under ISFM 

practices under different tillage methods. 

2.5.3 Response of P Sorption Characteristics to Fertility Management Technologies  

Some of P sorption characteristics include; maximum sorption capacity (Smax), degrees of 

P saturation (DPS), and bonding energy (k). Maximum sorption capacity is the sum of the 

P sorption index and oxalate-extractable P, estimated by fitting empirical models like the 

Langmuir isotherm using laboratory experiment data (Campos et al., 2016). Degrees of P 

saturation is a simple risk assessment index developed to estimate the potentiality of P 

loss from soils (Rechberger et al., 2021). The DPS is the ratio of P already sorbed and the 

soil sorption capacity or the percentage of sites saturated by P in relation to soil adsorption 

capacity. It is possible to derive k, energy with which P is sorbed on the binding sites, 

from the Langmuir isotherm equation (Yan et al., 2017). Though P sorption parameters 

have been used in many countries, they are yet to be fully exploited in Kenya, especially 

in CHK, where farmers use diverse ISFM technologies that may affect the parameters. 

Amorphous Al3+ and Fe3+ greatly contribute to P sorption in acidic soils (Arruda et al., 

2019; Mahmood et al., 2021), but fertilization can also impact it. The effect of sorption 

and desorption of mineral P on bioavailability is well documented (Zhang et al., 2019), 

while organic P is now drawing research interest (Sun et al., 2019). There are indications 

that inorganic fertilizers and organic amendments influence P sorption characteristics 

(Debicka et al., 2016; Thomas et al., 2022). But these characteristics have differed in 

response to the same fertility inputs in previous studies. Both increase and decrease in P 

sorption under organic amendments have been reported in different soils (Nobile et al., 

2020). Moreover, inorganic and organic fertility amendments are thought to affect 

different P fractions (Pizzeghello et al., 2016), which could affect P sorption 

characteristics. Arruda et al. (2019) alluded that organic amendments have a greater 
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impact on P dynamics than inorganic fertilizers, while Pradhan et al. (2021) reported 

contradicting impacts of organic amendments on DPS.  

The tillage system modifies P sorption characteristics as demonstrated in the various 

studies investigating its effect on P sorption characteristics. For example, Shafqat & 

Pierzynski (2010) found higher Smax and lower k when NT was amended with manure 

compared to CT. Similarly, a study carried out in Brazil found that NT improved Smax and 

DPS in the near soil surface layer in an incubation trial using Oxisols under maize–radish–

cotton–soybean rotation system (Pavinato et al., 2010). A 9-year (18 cropping seasons) 

long-term study established on acidic weathered soil in western Kenya found increased 

Smax under reduced tillage (RT) system with or without residue retention (Margenot et al., 

2016). But, the effect of direct drilling on P sorption was insignificant to CT in a 

calcareous Vertisol (Bravo et al., 2006). Though organic matter (OM) increased under 

NT, the tillage did not significantly affect maximum P adsorption capacity in a study by 

Fink et al. (2014). A combination of MT and organic fertilization decreased P maximum 

adsorption capacity and the bonding energy, k, while DPS increased (Pradhan et al., 2021). 

The clay content of soil can also influence P sorption parameters under different tillage 

systems. Phosphorus adsorption was higher in Ferralsol (high clay content) than in 

Nitisols (low clay content) under NT relative to CT (Fink et al., 2016). Despite being 

widely promoted, the effect of MT on P sorption characteristics has not been vastly 

exploited. Therefore, it is important to investigate the long-term effect of the tillage system 

on P sorption parameters at the field level. 

2.5.4 Phosphorus Use Efficiency 

Phosphorus worldwide is deficient in 43% of 1.37 billion ha of agricultural land (Wang et 

al., 2021). Because of this, future projections have suggested an increase in the use of P 

fertilizers from 34.3 Tg to 83.7 Tg annually by the year 2050 to meet the growing food 

demand (Hinsinger et al., 2011). Many agrarian nations are transitioning to middle-

income economies with a resultant increase in gross domestic product. Thus, it is 

estimated that there will be about 145% growth in the national P inflow by the year 2030 
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(Tasmeea et al., 2021). Further, it is estimated that 10 to 23 Tg P yearly will accumulate 

in the soil, out of which 3 to 5 Tg P will be lost through erosion annually by the year 2050 

(Bouwman et al., 2009). The current and future surge in consumption of P fertilizers in 

croplands and the goal to increase crop productivity demand for ISFM strategies that 

improve P use efficiencies (PUE) to avoid wastage and potential environmental pollution. 

On average, global grain and aboveground PUE are low at 9.1% and 12.4% in cereals (Yu 

et al., 2021). 

Previous studies have illustrated the effect of the application of fertilizers on PUE. 

Management practices that affect soil N, P, and community turnover influence PUE 

(Zhang et al., 2023). The application of TSP increased three soybean cultivars’ agronomic 

PUE, while NPK 20:20:20 recorded the lowest values (Pakhshan et al., 2013). In 

sugarcane plantations, the P fertilization rate of 28–50 mg kg-1 had the highest PUE, 

beyond which it declined (Wu et al., 2020). Also, applying sole NPK and compost 

improved PUE by 53.7% and 59.9% in a maize-wheat system (Xin et al., 2017). 

Furthermore, Zafar et al. (2013) recorded 17% higher PUE in maize under integrated 

inorganic fertilizer and poultry manure application than sole inorganic fertilizer. Also, a 

study conducted in Ethiopia reported an increase in P agronomic use efficiency (PAE) 

from 26.3 to 163 and P partial productivity factor (PPF) from 169.1 to  324.8 under the 

sole application of TSP when TSP was integrated with T. diversifolia (Endris, 2019). 

Similarly, maize PUE was higher under a combination of P fertilizer and residues of cover 

crops (Pavinato et al., 2017). Therefore, assessing the effect of diverse soil fertilization 

amendments on maize PAE and PPF in acidic Nitisols of CHK could be vital in P 

management.  

Rock phosphate is an important source of soil P in cultivated land and may improve PUE 

in different crops. A study in Western Kenya reported improved PUE under RP (Cheptoek 

et al., 2021). Pavinato et al. (2017) revealed that over time, RP greatly improved PUE (the 

highest recorded value was 30 kg grain per kg P) than the soluble sources of P. Combining 

RP and acidulated PR with organic amendments improved PUE in maize-based cropping 

system in calcareous soil (Mussarat et al., 2021). Organic fertilization increases the 
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activity of phosphate-solubilizing bacteria to solubilize RP, resulting in improved PUE 

(Liang et al., 2022). Additionally, maize PUE of RP has been enhanced by combining it 

with TSP and/or N fertilizer (Mohanty et al., 2021). Therefore, it is also vital to investigate 

the effect of combining RP with T. diversifolia on maize PUE in CHK. 

Interspecific interactions and complementarity between intercropped crops may increase 

PUE in acidic soils (Wang et al., 2020). Root morphology, carboxylate exudation, and 

mycorrhizae associations are some important mechanisms that legume crops use to 

increase P acquisition and PUE (Pang et al., 2018). The interaction effect of fertilization 

and intercropping on PUE is primarily controlled by rhizosphere-microbial processes 

(Roohi et al., 2020). Dwivedi et al. (2019) recorded increased microbial activities under 

P fertilization correlated with higher P availability and PUE in a maize-wheat system. 

Furthermore, a meta-analysis study indicated that cereal-legume intercrop increases PUE 

(Tang et al., 2020). Several other studies have also reported improved PUE under different 

cereal-legume intercrop systems (Wang et al., 2017; Yang et al., 2022). However, PUE 

varies with the type of cereal-legume intercrop. It is, thus, essential to assess the influence 

of maize-Dolichos intercrop on PUE. 

Different factors explain variations in PUE. For instance, it tends to be higher under low 

soil P status and varies with the stage of crop growth and cultivar. Variations in maize 

PUE can be attributed to varietal differences. It is thought that plants recover about 10-

15% of P fertilizer applied, but this value could be affected by the experimental period 

and source of P (Zafar et al., 2013). As high as 50-70% P recovery has been reported in a 

long-term experiment (Roberts & Johnston, 2015). It is, therefore, crucial to understand 

the effect of ISFM technologies on PUE in acidic Nitisols characterized by low available 

P. 
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2.6 Summary of the Literature Review 

Nitrogen and P, in different forms, are deficient in most cultivated soils globally and in 

the CHK. This status explains the observed reduction in yields of major crops. Soil 

microbial biomass C, N, and P contributes to the general soil fertility and sources of 

nutrients to crops. Additionally, N mineralization from fertility amendments adds 

nutrients to the soil. Though there are substantial amounts of P in most soils, it remains 

one of the most problematic nutrients to manage, especially in highly weathered soils like 

Humic Nitisols. Different technologies have been proposed and utilized to manage either 

N, P or both. These include sole inorganic fertilizers, animal manure, combined inorganic 

fertilizers and animal manure, legume intercrop or rotation, RP, and various green 

manures. The ISFM concept has been expensively promoted as the best strategy to 

improve soil fertility in smallholder farms. However, studies have shown varying 

responses of soil fertility indicators to different ISFM technologies.  

Soil microbial biomass C, N, and P can be affected by N and P fertilization, soil aggregate 

size distribution, and crop types. The changes of MBC, MBN, and MBP to soil fertility 

amendments and tillage may be in response to the change in the composition of the 

microbial community by altering soil chemical and physical properties. Significant MBC 

has been reported under green manure-treated plots, while farmyard manure also increased 

MBC and MBN. Additionally, inorganic fertilizers can enhance MBC and MBP but 

reduced MBN.  

Nitrogen mineralization is also affected by soil fertility amendments and respond variably. 

Positive correlations between N mineralization with MBN and MBC exist in the current 

literature. The ISFM influences N mineralization through the addition of inorganic and 

organic N. Soil N transformation processes are driven mainly by soil microbial 

communities, responding to practices that affect the soil fauna. Combining inorganic and 

organic fertilizers affect soil fungal and bacterial community compositions. Combining 

manure with inorganic fertilizers can also improve N mineralization by enhancing the 

accumulation of physically-protected and unprotected N. empirical evidence showed that 
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integrating inorganic P fertilizer and a low inorganic N fertilizer improves gross and net 

N mineralization in a wheat cropping system. The application of NPK and RP may also 

promote N mineralization by regulating bacterial community and SMB. High amounts of 

on NH4
+-N and NH3

−-N has been reported when RP was combined with T. diversifolia. It 

is generally agreed that tillage influences n mineralization by modulating soil fertility 

dynamics but with contradicting outcomes. 

Nitrogen mineralization is a complex process that requires accurate decision-support 

tools. There is evidence that illustrates that this process can be accurately simulated using 

process-based models. Most of the available models cannot simulate real farmers’ soil 

fertility management decision trees and the complex integrated fertility amendments. The 

APSIM can simulate complex integrated amendments under CT and MT systems. The 

Model has been adopted in simulating N mineralization in maize crops, assessing the 

effect of inorganic fertilizer on N mineralization. Moreover, a study intimated that APSIM 

accurately predicted NO3
−-N but poorly estimated NH4

+-N. The model has also been found 

to simulate tillage's effect on soil parameters reliably. 

Phosphorus fractionation and sorption characteristics are essential in understanding the P 

conversion processes and PUE. These parameters are affected by fertilization 

technologies. The contribution of inorganic phosphoric fertilizers to soil residual P pool 

has been reported. Application of inorganic fertilizers promoted the accumulation of 

moderately labile P, while RP improved P fractions in different soil types. However, there 

was no association between inorganic fertilizers to both inorganic and residual P fractions. 

Higher fractions of labile P have been recorded under cover crops treated with single 

superphosphate fertilizer. Maize-faba bean intercrop resulted in a lower HCl-Po fraction, 

while HCl-Pi, NaOH-Po, and NaOH-Pi were depleted without P input. Phosphorus 

fractions are influenced differently by the tillage system. For instance, some studies have 

found a higher accumulation of labile inorganic Pi fractions, calcium-bound P HCl-P, and 

physically protected Po under NT than in CT. Elsewhere, NT had higher amounts of 

soluble and loosely bound P fractions, while CT had higher Fe-P, Ca-P, Al-P, and 
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reductant soluble P. Previous studies show that inorganic fertilizers and organic 

amendments influence P sorption characteristics. Both increase and decrease in P sorption 

have been reported under organic amendments. Nevertheless, it has been alluded that 

organic amendments have a greater impact on P dynamics than inorganic fertilizers but 

other studies have also found contradicting impacts of organic amendments on DPS. Other 

studies have found higher Smax and lower k when NT was amended with manure compared 

to CT. Also, NT improved Smax and DPS in the near soil surface layer in an incubation 

trial using Oxisols under maize–radish–cotton–soybean rotation system. A combination 

of MT and organic fertilization exhibited a decrease in P maximum adsorption capacity 

and the bonding energy, while DPS increased in another study.  

The application of TSP increased three soybean cultivars’ agronomic PUE, while the 

application of NPK 20:20:20 recorded the lowest values. The application of NPK and 

compost improved PUE in a maize-wheat system. A higher maize PUE has been reported 

under integrated inorganic fertilizer and poultry manure. Also, a study conducted in 

Ethiopia reported an increase in PAE and PPF under the sole application of TSP and when 

integrated with T. diversifolia.  

2.7 Research Gap 

Soil microbial biomass C, N, P, N mineralization and P fractions play important roles in 

soil fertility and crop nutrition. However, despite ISFM technologies being promoted in 

CHK and generally among smallholder farmers, little is known about how these soil 

parameters respond to different ISFM technologies, which could explain why crop yields 

are still low. It was unclear how integrating maize residue with; 1) goat manure and 

Dolichos, 2) manure and NPK 17:17:17, 3) manure and T. diversifolia, and 4) T. 

diversifolia and RP and sole inorganic fertilizer under CT and MT systems affect C, N, P, 

N mineralization, P fractions, and P sorption characteristics in Humic Nitisols. 

Furthermore, APSIM is an important decision-support tool widely utilized in simulating 

different facets of agricultural production systems globally. However, it has not been 
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validated as the best model to accurately simulate N mineralization under the selected 

ISFM technologies in the current study. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Introduction 

This Chapter describes the study area where the experiment was established, putting more 

emphasis on the predominant soil type. It also covers the research design and treatments 

adopted, and soil sampling procedure. Furthermore, the Chapter describes how data 

addressing each objective was collected and the laboratory analyzes carried out. Lastly, it 

details how the collected data was statistically analyzed and presented. 

3.2 Study Site 

The experiment was established in the Humic Nitisols of Chuka Subcounty at Kangutu 

Primary School (00° 98'S, 37° 08'E) in Tharaka-Nithi County situated within the Central 

Highlands of Kenya (Figure 3.1), under Organic Resource for Soil Fertility Management 

(ORM4Soil) Project in March 2016 (long rains) and ran for eleven (11) cropping seasons. 

The last season was the long rains of 2021. Maize (Zea mays L.), H516 variety was planted 

throughout the experimental period as the test crop. Several components of the research 

were undertaken by various postgraduate students. This study focuses on the 2020 short 

rains (SR20) to 2021 long rains (LR21).  

Initial soil properties of the study area are shown in Table 3.1. The soil is typically deep 

and highly weathered, with moderate to high inherent fertility. The annual rainfall in the 

County is bimodal and ranges between 1200 to 1400 mm. The long rains (LR) fall from 

March–June, and short rains (SR) are experienced between October– December thus, 

there are two cropping seasons in a calendar year.  
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Figure 3.1: Study Map of Kenya's Administrative Boundaries, Tharaka-Nithi 

County, Experimental Site and Agroecological Zones 

Figure 3.1 legend: IL5, IL6, LH0, LH1, LM3, LM4, LM5, UH0, UH1, UM1, UM2, and 

UM3 represent agroecological zones and denote inner lowland zones 5 and 6, low 

highland zones 0, 1, 3, 4, and 5, upper highlands 0 and 1, and upper midland zones 1, 2, 

and 3, respectively. 
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Table 3.1: Initial Soil Physicochemical Properties before the Start of the Experiment 

in March 2016 Long Rain Season (LR16) 

Soil parameter Value 

Total N (%) 0.14 

Total carbon, C (%) 1.48 

Soil organic matter (%) 2.55 

Total P (g kg-1) 29.35 

Available P (g kg-1) 0.02 

Iron, Fe3+ (ppm) 32.53 

pH (1:1 H2O) 4.85 

Clay (%) 70 

Sand (%) 16 

Silt (%) 14 

Textural class Clay 

Source: Kiboi et al. (2017) 

Mean annual temperatures range from 19 to 21 °C. Daily rainfall and radiation in the site 

for the experimental period are shown in Figure 3.2. Kangutu rests at 1,458 m above sea 

level and is situated within UM 2 agroecological zone (main coffee growing zone) 

(Jaetzold et al., 2007). Smallholder farmers mainly practice mixed farming for subsistence 

purposes, where maize is the dominant food crop among the farmers who keep livestock 

and grow cash crops. 
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Figure 3.2: Daily Rainfall Amount and Radiation Received During SR20 and LR21 

Seasons 

3.3 Experimental Design and Management 

The experiment was laid out in a randomized complete block design for a period of 11 

cropping seasons. A preliminary household survey was conducted in Chuka to inform the 

selection of the treatments. Tillage system and soil fertility amendments were integrated, 

and considered combined treatments as shown in Table 3.2. The treatments were 

replicated four times in plots measuring 6 m x 4.5 m. Maize (Zea mays L.) H516 variety 

was the test crop in the experiment since the establishment of the project in in March 2016 

long rains (LR16). However, data for this study was collected during short and long rains 

in 2020 (SR20) and 2021 (LR21), respectively. 

  



42 

Table 3.2: Treatments Implemented During the Trial 

Tillage 

system Soil fertility amendments (SFAs) 

Combined 

treatment 

Conventional  No amendments (Control) C 

Conventional  Inorganic fertilizer CTF 

Conventional  Crop residue + Inorganic fertilizer CTCrF 

Conventional  Crop residue + Inorganic fertilizer + Goat manure CTCrGF 

Conventional  Crop residue + Goat manure + Dolichos intercrop CTCrGL 

Conventional  Crop residue + Tithonia diversifolia + Goat manure CTCrTiG 

Conventional  

Crop residue + Tithonia diversifolia + Rock 

phosphate CTCrTiR 

Minimum  No fertility amendments MT 

Minimum  Inorganic fertilizer MTF 

Minimum  Crop residue + Inorganic fertilizer MTCrF 

Minimum  Crop residue + Inorganic fertilizer + Goat manure MTCrGF 

Minimum  Crop residue + Goat manure + Dolichos intercrop MTCrGL 

Minimum  Crop residue + Tithonia diversifolia + Goat manure MTCrTiG 

Minimum  

Crop residue + Tithonia diversifolia + Rock 

phosphate MTCrTiR 

Soil management involved ploughing to 20 cm depth using a hand hoe in CT, while MT 

involved surface scrabbing using a machete to clear the plant residue and digging 20 cm 

deep planting holes. Two weeks before planting, organic amendments were placed in 

planting holes under the MT system but applied uniformly under the CT system and 

incorporated into the soil by ploughing. Care was taken to ensure uniform distribution of 

the organic amendments during application. Inorganic fertilizers were applied at planting. 

Nitrogen was applied at 60 kg N ha-1 based on the maize N requirement for the soil type 

(Kiboi et al., 2018). Sources of N were NPK 17:17:17, goat manure and T. diversifolia. 

An amount equivalent to 60 kg N ha-1 by dry weight from goat manure (3.4 t ha-1) and T. 

diversifolia (1.7 t ha-1) that contained 1.75% and 3.80% N, and 0.39% and 0.30% P, 

respectively, were applied. T. diversifolia was cut at active vegetative stage before 

flowering where leaves and tender twigs were chopped into smaller pieces before 

application. Similarly, P was applied at the recommended maize rate of 90 kg P as P2O5 

from the NPK and RP (27:29% total P2O5, 36:38% CaO). Triple Superphosphate (0:46:0) 

was applied alongside NPK to attain a 90 kg P ha-1 rate. Treatments with sole inorganic 
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fertilizer (NPK) were top-dressed using Calcium Ammonium Nitrate (CAN) when the 

crop was at knee height. Nutrient application rates were halved in plots that received a 

combination of inorganic-organic, while full rates were applied in sole inorganic fertilizer 

and sole organics plots. 

Maize was planted at 0.75 m and 0.50 m, inter- and intra-spacing, respectively. Three (3) 

seeds were placed per hole and thinned back to two (2) seedlings after full emergence. 

Dolichos lablab was planted in the middle of the inter-rows of maize on the same day as 

maize under the intercrop treatments (CTCrGL and MTCrGL). Five (5) t ha−1 of maize 

residue was surface-applied after thinning (Kiboi et al., 2019). Weeding was done twice 

a season by roguing and hand hoe under MT and CT, respectively. The plots were kept 

free from diseases and pests by constant surveillance and the application of pesticides. 

3.4 Data Collection and Laboratory Analyses 

The sub-section describes soil sampling and laboratory analysis procedures. It presents 

how soil microbial C, N, and P, mineralized N, P fractions, and sorption characteristics 

were determined in the laboratory. 

3.4.1 Soil Sampling and Rainfall Measurement 

Soil samples were collected from within-rows at the end of the experimental period from 

0-20 cm depth using a soil auger for N, P, MBC, MBN, MBP, P fractionation, and P 

sorption characteristic determination. About 100 g samples were collected and divided 

into 75 g to determine N, P, and P fractions and sorption characteristics. The remaining 

25 g samples were transported to the laboratory on a cool box filled with ice cubes and 

stored in a deep freezer at -20 °C awaiting extraction. Bulk density determination samples 

were collected using core rings from the 0-20 cm soil depth. Daily rainfall readings were 

obtained from a manual rain gauge installed approximately 20m from the experimental 

site. The rainfall readings were recorded daily at 0900 h. Radiation was obtained from the 

National Aeronautics and Space Administration (NASA) website 
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 (https://power.larc. nasa .gov/data-access-viewer/). Longitude (37.6833) and latitude (-

0.33849) coordinates were used to specify the exact location. The ‘All Sky Surface 

Shortwave Downward’ file was downloaded from the ‘Solar fluxes and related’ folder. 

3.4.2 Determination of Available N, P, Legacy P, and SMB C, N, and P 

The samples were air-dried, ground, and passed through a 2-mm mesh. Available soil N 

and P were extracted following Kjeldahl and Bray 2 methods, respectively (Ryan et al., 

2001). For N determination, 0.3 g of oven-dry was digested using 2.5 ml of digestion 

mixture at 110 °C for 60 minutes. One (1) mm hydrogen peroxide was added successively 

to accelerate the digestion. A colourless solution from the digestion was left to cool then 

25 ml of distilled water added and left to further cool. The mixture was made up to 50 ml 

using water.  A clear solution from the top of the mixture was taken for N determinisation 

using distillation-titration method. Sample from the clear solution was used to determine 

P using colometric method. Phosphorus was determined using UV Spectrophotometer at 

400 nm wavelength. Soil pH was determined using pH meter (2.5:1 H2O). Nitrogen was 

determined using the Distillation-Titration method (Plate 3.1), while the extracted P was 

determined colorimetrically using a spectrophotometer, as Okalebo et al. (2002) outlined. 

Legacy P was calculated as the difference between available soil P at the end of the study 

and initial soil P at the start of the experiment. 
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Plate 3.1: Soil Digestion and Kjeldahl Process for N Determination 

Microbial biomass C, N, and P were determined by the chloroform fumigation-extraction 

method (Sun et al., 2018). Briefly, 15 g of wet soil samples were emptied into 50 ml 

beakers and placed in two sets of desiccators (Plate 3.2). The moisture content of the 

samples was determined so that the final results were expressed on a dry weight basis. 

One desiccator containing the samples was fumigated with ethanol-free chloroform at 25 

°C for 72 h in a dark room. The other desiccator containing an equal weight of samples 

was not fumigated but was similarly placed at 25 °C for 72 h in a dark room. Both 

fumigated and non-fumigated samples were extracted using 40 ml 0.5 M K2SO4, KCl, and 

0.5 M NaHCO3 solutions for C, ammonia-bound N (NH+
4-N), and inorganic soil P, 

respectively. The solutions were shaken for 30 min at 200 rpm on an end-to-end shaker, 

after which the extracts were filtered through No 42 filter papers. The filtrates were 

measured using a spectrophotometer at 600 nm, 655 nm and 882 nm for MBC, MBN and 

MBP, respectively. 
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Plate 3.2: Soil Samples Placed in Desiccators for Incubation and Extraction 

Biomass C, N, and P were then converted using Equations 3.1, 3.2, and 3.3 (Sun et al., 

2018): 

 MBC =  
EC

KEC
⁄  (3.1) 

 MBN =  
EN

KN
⁄  (3.2) 

 MBP =  
EP

KP
⁄  (3.3) 

Where EC = (organic C extracted from fumigated soil – organic C extracted from non-

fumigated soil) and KEC = 0.45, which is the scalar factor to convert EC to soil MBC; EN 

= (flush of NH+
4-N due to fumigation – NH+

4-N produced in the non-fumigated control); 

KN = 0.57 (proportionality conversion to MBN; EP = (Total Pi extracted from fumigated 

soil – Total Pi extracted from non-fumigated soil) and KP = 0.40 (conversion factor to 

MBP). 
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3.4.3 Determination of Mineral N 

Nitrogen mineralization was determined by the field incubation method (in situ) (Arslan 

et al., 2010). The field incubation study was conducted during SR20 and LR21 cropping 

seasons. Soil samples were collected fortnightly from the 0-20 cm depth using Eijkelkamp 

Gouge Auger. At the onset of the incubation study, the samples were randomly collected 

from three points in every plot and thoroughly mixed to form composite samples. Plant 

debris was manually removed, and each composite was divided into two equal portions. 

The first portion was taken to the laboratory for the determination of initial mineral N 

(NH4
+-N and NO3

 -N). The other portion was placed in a polythene bag wrapped in a 

second bag and tightly tied and buried in one of the three sampling points, at the same 

depth of sampling until the next sampling interval. This procedure was repeated after 

every two weeks from the planting date. The samples were transported to the laboratory 

in cool boxes filled with ice packs and kept in a deep freezer at -20 °C awaiting analysis. 

At the same time, 10 g soil samples were weighed in-situ and placed in sampling bags. 

These samples were used for the gravimetric determination of soil moisture content 

(SMC) by oven-drying at 105 °C for 24 h. Gravimetric SMC (%) was converted to 

volumetric SMC (m3 m-3) using Equations 3.4 to 3.7. Volumetric SMC was used to 

calculate water productivity (WP) in equation Error! Reference source not found.. 

  
Bulk density (g 𝑐𝑚−3) =

Soil Solids (Ms)

Total Volume of Soil (Vt)
 

  

(3.4) 

 Gravimetric SMC (%) =
(Total soil mass(Mt)−Soil solids(Ms))

Soil Solids (Ms)
x100   (3.5) 

 Volumetric SMC (%) = Gravimetric SMC (%) x bulk density  (3.6) 

 Equivalent water depth (De) = % Volumetric SMC x soil depth  (3.7) 

Moist soil samples were passed through 8 mm sieves, and roughly 10 g were taken and 

separated into 5 g each. The first 5 g was oven-dried at 105 °C for 24 h for moisture 

correction (Plate 3.3). Then the other 5 g sample was analyzed for mineral (Nmin) N, 

according to Gomez-Munoz et al. (2017). Briefly, 5 g (oven-dry equivalent) of soil 
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samples were weighed into 100 ml plastic shaking bottles into which 50 ml 0.5 M K2SO4 

was added. The mixtures were shaken on a reciprocal shaker at 200 rmp for 30 min and 

then filtered using Whatman no. 42 filter papers. The extracts were analyzed for NH4
+-N 

and NO3
 –N via UV spectrophotometer at 655 nm and 419 nm, respectively.  

(a) (b) (c)

(d) (e) (f)

(g)

 

Plate 3.3: Determination of N Mineralization from (a) Sampling, (b) Weighing, (c) 

Filtering, (d) Extraction through Shaking, (e & f) Colour Development, to 

(g) Reading of the Absorbance 

Net N mineralization was calculated by subtracting Nmin at the beginning of incubation 

from Nmin obtained at each sampling (incubation) time. Apparent N recovery (ANR) was 

determined by the difference method (Rao et al., 1992), while N partial productivity factor 

(PPF) was determined using equations 3.8 to 3.10: 

 Net  N mineralization = Nt − Nin (3.8) 

 ANR =
 N in fertilized plants − N in unfertilized plants

N applied
  (3.9) 

 PFP (kg biomass kg−1N ) =  
YC +  ΔYN

Ninput
 (3.10) 
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Where ANR = Apparent N recovery; Nt= Mineral N at time t; Nin= initial mineral; 

𝑌𝐶  denotes crop yield biomass in control plots, 𝛥𝑌𝑁 is the increment in biomass yield as a 

result of N application; 𝑁𝑖𝑛𝑝𝑢𝑡 is the amount of N applied (kg N ha−1). 

3.4.4 APSIM Soil Nitrogen Mineralization Simulation  

The study used APSIM 7.10 Classic version (Holzworth et al., 2018). It is a robust, 

process-based simulator consisting of a modular simulation framework. There are seven 

modules within the APSIM; climate data module (metfile.apsim), crop module (Maize 

Bimodal.aspim), soil water module (SOILWAT), fertilizer module (FERT), manure 

module (MAN), soil N module (SOILN), and surface organic matter module (Surface 

Organic Matter) (Holzworth et al., 2014). The modules permit navigation of the model to 

simulate the effect of the integration of genotype, environment, and management practices 

(Brown et al., 2018; Holzworth et al., 2018). These modules require data inputs relating 

to; daily climatic data, crop genotype, soil characteristics, and management practices.  

3.4.5 Model Parameterization, Calibration, and Validation 

The APSIM was parameterized for bimodal continuous maize production. Soil parameters 

included; soil depth, soil water content, bulk density, and soil initial N, C, NH4- and NO3-

N. Measured and model default (inbuilt model values) initial soil physical and chemical 

properties used to calibrate APSIM are given in Table 3.3 and Table 4.3. Fresh organic 

matter (FOM), soil microbial biomass (FBiom), NH4-N, NO3-N, and urea were 

maintained as default values. The FOM C: N was maintained at 40. SOILN module was 

used to parameterise N mineralised from organic sources, namely, maize stover, Tithonia, 

and goat manure (Cichota et al., 2021).  
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Table 3.3: Soil Initial physical and Chemical Properties Used in APSIM Initialization 

Soil depth  Sand Silt Clay 1Maize LL 2DUL pH Total C C:N  

mm % mm/mm Water % Ratio 

0-150 14.00 16.00 70.00 0.26 0.20 4.85 1.48 10.57 

150-250 14.00 16.00 70.00 0.25 0.24 4.85 1.48 10.57 

250-350 14.00 16.00 70.00 0.28 0.26 4.85 1.48 10.57 

350-450 14.00 16.00 70.00 0.31 0.27 4.85 1.48 10.57 

450-550 14.00 16.00 70.00 0.36 0.29 4.85 1.48 10.57 

550-650 14.00 16.00 70.00 0.39 0.29 4.85 1.48 10.57 

650-750 14.00 16.00 70.00 0.45 0.30 4.85 1.48 10.57 

750-850 14.00 16.00 70.00 0.45 0.45 4.85 1.48 10.57 

1Maize lower limit (default values). 

2 Drained Upper Limit adopted from Mupangwa et al. (2011) 

Table 3.4: Treatment Initial Parameterization Values for SR20 and LR21 Cropping 

Seasons 

SR20 season  LR21 season 

Treatment Bulk Density NO3-N NH4-N Initial soil water NO3-N NH4-N Initial soil water 

  kg m-3 kg ha-1 %  kg ha-1 % 

C 900 0.04 0.04 25.61  1.30 0.28 33.03 

CTF 890 0.49 0.09 29.42  3.51 1.13 32.84 

CTCrF 880 0.16 0.09 29.98  5.57 2.53 36.39 

CTCrGF 976 0.16 0.19 34.76  4.09 1.13 34.36 

CTCrGL 932 0.38 0.21 30.41  5.91 1.76 32.27 

CTCrTiG 942 0.13 0.06 34.16  4.47 0.93 39.24 

CTCrTiR 821 0.27 0.05 28.21  3.07 1.17 33.65 

MT 1006 0.17 0.06 32.63  3.94 0.75 38.68 

MTF 888 0.47 0.12 30.15  4.86 0.97 36.77 

MTCrF 781 0.30 0.09 32.26  2.30 1.29 36.59 

MTCrGF 1010 0.14 0.24 36.15  7.11 1.41 44.97 

MTCrGL 820 0.10 0.21 26.73  5.49 1.72 40.18 

MTCrTiG 837 0.23 0.11 29.76  2.75 1.03 27.66 

MTCrTiR 935 0.17 0.18 32.00  3.68 1.29 37.35 

Nitrogen mineralization from organic materials (maize stover, T. diversifolia and goat 

manure) was simulated using the SurfaceOrganicMatter module. The type, amount, and 
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C: N ratios of the respective organic materials were specified in the module. Tillage, 

sowing, fertilizer application, and mulching dates for the SR20 and LR21 cropping 

seasons are shown in Appendix I and Appendix II. Tillage operations and incorporation 

of organic materials were simulated using the ‘Tillage on a fixed date’ node. On the other 

hand, planting operations and inorganic fertilizer applications were parameterised in the 

‘Sow on a fixed data’ and ‘fertilise at sowing’ nodes of the soil module. The weather data 

in the metfile included daily rainfall, radiation, and maximum and minimum temperature.  

3.4.6 Determination of P Fractions and Sorption Characteristics  

Organic (Po) and inorganic (Pi) fractions were sequentially determined based on the 

sequestration method (Hedley et al., 1982). One gram (1 g) of soil was emptied into 50-

ml centrifuge tubes containing 30 ml of distilled water. One resin strip was added to each 

tube and shaken for 16 hours on an end-to-end shaker. The strips were removed after 

shaking and gently submerged in distilled water thrice to wash the soil off. The strips were 

then immersed into centrifuge tubes containing 20 ml of 0.5 M HCl and shaken for 1 hour. 

After Resin-Pi extraction, the soil suspensions were centrifuged at 2500 rpm for 10-15 

minutes, and phosphates were sequentially extracted using the following extractants; (a) 

30 ml of 0.5 M NaHCO3 at pH 8.5 for Pi, (b) 30 ml of 0.1 M NaOH for Fe.Al-P extraction, 

(c) 20 ml 0.1 M NaOH for NaOH-sonic Pi, and (d) 30 ml of 1 M HCl for Mg.Ca-P 

extraction. The soil suspensions were shaken overnight for 16 hours after extraction of 

each P fraction. Organic P fractions were calculated as the difference between each 

extract’s total phosphorus (TP) and inorganic P (Pi). Residual P was determined according 

to Brookes and Powlson's (1981) method by H2SO4 + H2O2 + MgCl2 digestion. The P 

concentration in each extract was determined by the molybdenum blue method at the 

wavelength of 882 nm. 

Phosphorus adsorption isotherms were determined based on the method by Yan et al. 

(2017), where 3.0 g air-dried soil samples were equilibrated in 50-ml centrifuge tubes 

filled with 30 ml of 0.01 M CaCl2 solution containing H2PO4-P concentrations of 0, 10, 

20, 30, 40, 50 and 60 P mg l−1. To impede microbial activity, two to three drops of 
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chloroform were added to every centrifuge tube. After this, the tubes were shaken for 30 

minutes daily for six days. On the 6th day, the solutions were filtered using Whatman No. 

542 filters, and the P contained in the solution was determined colourimetrically using a 

spectrophotometer at 880 nm. 

The adsorbed P (S′) removed from the solution was calculated as the difference between 

the concentration of soluble P added in the original solution and the concentration of P in 

the solution at equilibrium. The Langmuir equation was determined to describe soil P 

adsorption because the equation provides vital information about the constant k (related 

to the P bonding energy) and the maximum P sorption capacity (Smax). The linearized 

Langmuir model was determined using Equation 3.11: 

 
Ce

S
 =  

Ce

Smax
+  

1

KSmax
 (3.11) 

where Ce and S denote the concentration of P in the equilibrium solution (mg L−1) and the 

total quantity of adsorbed P (mg kg−1), respectively, in which S = S′ + So; S′ denotes the 

adsorbed P (mg kg−1) obtained by subtracting final P concentration from the initial P 

concentration; So is the oxalate-extractable P as an estimate of the initially adsorbed P (mg 

kg−1) P; k (L mg−1 P) is a constant associated to the bonding energy (Yan et al., 2017). 

Maximum P sorption capacity was calculated using Equation 3.12; 

 Amount of adsorbed P (Qe)(mg kg−1)  =
(C0 − Ce) x V

W
 (3.12) 

Where Co and Ce (mg L-1) denote initial and equilibrium P concentrations, respectively; 

while W (g) and V (mL) denote adsorbent mass and extract volume, respectively. 

The degree of P saturation (DPS) of each treatment was calculated using Equation 3.13: 

 DPS =  
Pαx

Smax
 x 100% (3.13) 
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where Pox denotes oxalate-extractable P concentration (mg kg−1) while Smax refers to the 

maximum P sorption capacity (mg kg−1) derived from Equation 3.13 above. 

Phosphorus partial productivity factor (PPF) and agronomic efficiency (PAE) were 

determined according to Arruda et al. (2019) using Equations 3.14 and 3.15; 

 PPF (kg biomass kg−1 P) =   
YC +  ΔYP

Pinput
 (3.14) 

 P agronomic effieciency (PAE)(kg biomass kg−1 P) =  
(YP_trt −  YC)

Pinput
 (3.15) 

where 𝑌𝐶  denotes crop yield biomass in control plots; 𝛥𝑌𝑃 is the increment in biomass 

yield as a result of P application; 𝑃𝑖𝑛𝑝𝑢𝑡 the amount of P applied (kg P ha−1); 𝑌𝑃_𝑡𝑟𝑡 is the 

crop yield biomass in P-treated plots. 

3.4.7 Determination of Maize Growth Indicators 

Plant growth parameters (relative chlorophyll content, leaf area index (LAI), 

photosynthetically active radiation (PAR), and height) were determined at the 6th leaf 

stage and 10th leaf stage (Kiboi et al., 2019). Relative chlorophyll content was determined 

using a Soil Plant Analysis Development; SPAD-502Plus® meter (Konica Minolta 

Optics, Inc., Japan). The readings of relative chlorophyll were taken from the leaves of 

four (4) middle-tagged plants in the two middle rows (2 plants per row) and averaged. 

Photosynthetically active radiation and LAI were determined using LP-80 linear 

ceptometer (Decagon Devices, Pullman, WA). Ceptometer readings were taken from 

midpoints between rows to the middle of adjacent rows to take into consideration row and 

inter-row canopy effects (Johnson et al., 2010). Three readings per plot were taken and 

averaged. The ceptometer was placed above the crop canopy and below the canopy at 10 

cm above the ground level and at a 90° angle to the orientation of the plant rows. The 

measurements were recorded during sunny, cloudless times of the sampling days, and 

caution was taken to avoid the researcher’s shadow covering any part of the ceptometer. 

Before taking each below-canopy measurement, a calibration factor (cf) was taken 
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(Johnson et al., 2010). The fraction of PAR incepted by the plant was calculated using 

Equation 3.16. Plant height was determined using a tape measure. 

 PAR =
PARb

cf. PARa
 (3.16) 

Where PAR is the actual PAR while PARa and PARb are above and below the canopy 

respectively and cf represents the calibration factor. 

Maize was harvested manually from net plots measuring 21 m2. Net plots were determined 

by discarding the first rows to eliminate edge effects. Cobs were separated from the maize 

stover and grains were shelled by hand. Grain moisture content was determined at harvest 

using a Dickey-John MiniGAC® moisture meter. Grains and cobs (separated) were sun-

dried for seven days, and moisture content (MC) determined. After drying, grain weight 

was corrected to a 12.5% moisture content equivalence and extrapolated to per hectare 

(ha) basis. Stover yield was determined at harvest, and the total dry matter yield was 

determined as the summation of grain, cobs weight, and stover weights, and also 

extrapolated to hectares basis. 

3.4.8 Calculation of Crop Water Productivity and N Nutrition Index 

Crop water productivity (WP) was defined as the amount of maize yield produced per unit 

of water consumed (Cook et al., 2018) and calculated using Equation 3.17; 

 WP =
Maize yield (kg ha−1)

Consumptive water use (Et)
 (3.17) 

The water balance Equation (3.18) was used to estimate 𝐸𝑡 as adopted by Oduor et al. 

(2021), thus: 

 Et = (R + I + C) −  (Sr + D) − ∆S (3.18) 
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Where 𝐸𝑡  is evapotranspiration; R is cumulative rainfall received in a season; I is irrigation 

water; C is upward flux from the water table; 𝑆𝑟 is surface runoff; D is deep percolation 

and ∆𝑆 = soil moisture changes with time within the rooting zone or soil profile.  

All the plots were fairly flat; thus no runoff (𝑆𝑟) losses were experienced. Moreover, the 

study was purely under rainfed agriculture; hence no irrigation (I) was done. The soils at 

the site are deep and well-drained, with a deep groundwater table; therefore, upward fluxes 

(C) were assumed to be insignificant.) Deep percolation (D) out of the rooting zone of the 

crop/soil profile in question was not observed as per the amount of rainfall received and 

the frequency of the same during the seasons. Water productivity calculation was therefore 

reduced to Equation 3.19 (Pereira et al., 2012); 

 WP =
above ground yield

Et =  R −  ∆S
 (3.19) 

Daily solar radiation and temperature for the period 1/10/2020 to 30/06/2021 were 

downloaded from the National Aeronautics and Space Administration (NASA) website 

(https://power.larc.nasa.gov/data-access-viewer/). Longitude (37.6833) and latitude (-

0.33849) coordinates were used to specify the exact location. A file named ‘All Sky 

Surface Shortwave Downward’ was downloaded from the ‘Solar fluxes and related’ 

folder. 

To check if the treatments invoked N stress in the crops, N nutrition index (NNI) was 

calculated (Mueller & Vyn, 2018) using Equation 3.20 as; 

 NNI =  
% No

% Nc
 (3.20) 

Where % No is the measured concentration of N in plant tissues and % Nc is the critical N 

concentration for a target biomass production. The % Nc is determined as 𝑎𝑐𝑊−𝑏; ac is 

the minimum N concentration (%) in plant tissue when W = 1 Mg ha-1; W denotes dry 

https://power.larc.nasa.gov/data-access-viewer/
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matter in Mg ha-1; b is a dimensionless constant. For maize, ac, and b have been estimated 

to be 3.4 and 0.37 (Lemaire et al., 2008). 

3.4.9 Determination of Radiation Use Efficiency  

Radiation use efficiency (RUE) was calculated following Kaur et al. (2012), as shown in 

Equations 3.21 to 3.23. 

 Fraction of PAR intercepted by plants (fPAR)  = 1 −  (
PARb

PARa
) (3.21) 

 Intercepted PAR (iPAR) = Incident PAR x fPAR (3.22) 

 RUE =  
Aboveground yield (Mg h−1)

iPAR
 (3.23) 

Where aboveground yield is grain or stover yield and iPAR is the fraction of radiation 

intercepted by the plant as calculated in equation 3.15. PARa and PARb represent above 

and below-ground PAR, respectively. 

3.5 Data Processing and Statistical Analysis 

Soil and maize yield data were subjected to analysis of variance (ANOVA) using R 

software version 4.1.2 (R Core Team (2021) to test the model effect. Levene and Shapiro-

Wilk tests were used to confirm the homogeneity of variances and normality assumptions. 

Where the model effect was significant, treatment means were separated using Tukey's 

honestly significant difference at α < 0.05 significance level. Soil samples at the beginning 

and the end of the trials were subjected to paired t-tests at α < 0.05 significance level to 

determine changes in available N and P. APSIM was validated using the coefficient of 

determination (R2), root means square error (RMSE), and d index of agreement as per 

Equations 3.24 to 3.26. The d index of agreement was calculated as proposed by 

Akponikpè et al. (2010) thus: 
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𝑅2 =  (
𝑛(∑ 𝑥𝑦)− (∑ 𝑥)(∑ 𝑦)

√[𝑛 ∑ 𝑥2− (∑ 𝑥)2][𝑛 ∑ 𝑦2− (∑ 𝑦)2]
)

2

  (3.24) 

  𝑅𝑀𝑆𝐸 = √∑
(𝑥𝑖−𝑦𝑖)2

𝑛
𝑛
𝑖=1   (3.25) 

 𝑑 = 1 −  [
∑ (𝑆𝑖− 𝑂𝑖)2𝑛

𝑖=1

∑ (ǀ𝑆𝑖−Õǀ+ǀ𝑂𝑖−Õǀ)2𝑛
𝑖=1

]  (3.26) 

Where; N= number of observations, ∑ 𝑥𝑦 =

𝑠𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑎𝑛𝑑 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠, ∑ 𝑥 =

𝑠𝑢𝑚 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠, ∑ 𝑦 = 𝑠𝑢𝑚 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠; ∑ 𝑥2 =

𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠,   ∑ 𝑦2 =

𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑖𝑎𝑟𝑒𝑠 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠; 𝑆𝑖 = simulated value of the ith treatment, 𝑂𝑖 is 

the measured value of ith treatment, and Õ is the mean of measured values. The model 

was deemed good for N mineralization prediction when RMSE values were closer to 0 

and d values approached 1. D values near 0 and high RMSE values depicted poor model 

performance. 
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CHAPTER FOUR 

RESULTS  

4.1 Introduction 

This Chapter sequentially presents the results per the objectives. The results are presented 

using tables and figures. Specially, the Chapter represents the effects of integrated soil 

fertility management technologies on; 1) soil microbial biomass C, N, and P, 2) N 

mineralization, partial factor productivity, and apparent N recovery, 3) simulation of soil 

N mineralization, 4) phosphorus fractions, degree of saturation, maximum sorption 

capacity, use efficiency, and legacy, and 5) maize yield, soil moisture content, and water 

productivity. 

4.1.1 Soil Microbial Biomass 

The effect of the treatments on soil microbial C, N, and P was highly significant at p < 

0.0001 (Table 4.1). Microbial biomass C averaged 567 mg kg-1 in Humic Nitisol. 

However, its highest value was recorded under CTCrGL and MTCrGL, which was 74% 

higher than the control. The plots under CTCrTiG, MTCrTiR, CTCrTiR, MTCrGF, 

CTCrGF, MTCrTiG, CTCrF, MTF, MTCrF, and CTF had significantly higher MBC by 

70, 70, 70, 70, 70, 69, 35, 35, 35, and 34%, respectively, than the control. While MT did 

not significantly affect MBC, applying soil amendments resulted in a 59% increase, on 

average, relative to the control.  

Microbial biomass N averaged 93 mg kg-1 in Humic Nitisol but, compared to the control, 

was substantially higher by 48, 47, 47, 46, 45, 44, 44, and 43% under MTCrTiG, 

MTCrGL, CTCrTiG, CTCrGL, MTCrTiR, CTCrTiR, CTCrGF, and MTCrGF, 

respectively. On average, these treatments resulted in 46% higher MBN. The MBN 

recorded under CTCrF, MTCrF, MTF, CTF, and MT did not differ statistically from the 

one recorded under the control. The MBP also averaged 31 mg kg-1 at the end of the 

experiment, but MTCrGF and CTCrGF recorded the highest values compared to the 
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control, which was 41% higher. Moreover, MTCrTiG, MTCrTiR, CTCrTiR, CTCrTiG, 

and MTCrF also resulted in 32, 31, 27, 23, and 20% higher MBP than the control. Overall, 

these treatments had 31% higher MBP on average compared to the control. However, 

CTCrF, MTF, CTCrGL, CTF, MT, and MTCrGL insignificantly influenced MBP than 

the control. 

Table 4.1: Soil Microbial Biomass C, N, and P under Different Treatments 

Treatment 
MBC MBN MBP 

mg kg-1 soil 

C 221.98d 62.72cd 26.48ghi 

CTF 336.27c 63.53cd 24.53hi 

CTCrF 342.48c 66.63c 30.42efg 

CTCrGF 728.30b 112.26ab 44.52a 

CTCrGL 865.16a 116.46ab 27.57ghi 

CTCrTiG 744.01b 117.75ab 34.27cde 

CTCrTiR 736.32b 112.49ab 36.04bcd 

MT 224.59d 54.83d 23.34i 

MTF 340.23c 64.23cd 28.83fgh 

MTCrF 339.32c 64.39cd 33.11def 

MTCrGF 734.59b 110.46b 45.04a 

MTCrGL 863.94a 118.78ab 7.33ghi 

MTCrTiG 725.13b 120.59a 38.68b 

MTCrTiR 739.98b 114.82ab 38.44bc 

hsd 38.41 9.69 4.30 

p value  ***  ***  *** 

Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05; C = Control, CTF = conventional tillage + inorganic 

fertilizer, CTCrF = conventional tillage + maize residues + inorganic fertilizer, CTCrGF 

= conventional tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = 

conventional tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL 

= conventional tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = 

conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT = 

minimum tillage (no amendments), MTF = minimum tillage + inorganic fertilizer, MTCrF 

= minimum tillage + maize residues + inorganic fertilizer, MTCrGF = minimum tillage + 
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maize residues + inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize 

residues + Tithonia diversifolia + rock phosphate, MTCrGL = minimum tillage + maize 

residues+ goat manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues 

+ Tithonia diversifolia + goat manure, hsd = honestly significant difference, *** p < 

0.0001. 

The ratio of microbial C to N and P varied significantly (p < 0.0001) among the treatments 

(Figure 4.1). Apart from MT, the ratio of MBC to MBN was generally higher than the 

control and averaged 6.19. The ratio of MBC to MBN under CTCrGL, MTCrGL, 

MTCrGF, CTCrTiR, CTCrGF, MTCrTiR, CTCrTiG, MTCrTiG, CTF, MTF, MTCrF, and 

CTCrF was higher than in the control by 52, 51, 47, 46, 45, 45, 44, 41, 33, 33, 33, and 

31%, respectively. Except for MTCrF and MT, the ratios of microbial C to P under the 

remaining treatments were as high as 52% on average than under the control. The highest 

MBC to MBP ratios were observed under MTCrGL and CTCrGL, which were higher by 

73% compared to the control. Significantly higher (by 61, 59, 56, 55, 49, 49, 39, 29, and 

26%) MBC:MBP ratios were also recorded under CTCrTiG, CTCrTiR, MTCrTiR, 

MTCrTiG, CTCrGF, MTCrGF, CTF, MTF, and CTCrF, respectively, relative to the 

control. 

 

Figure 4.1: (a) Ratio of Microbial Biomass C to N and (b) Microbial Biomass C to P 

under the Various Treatments 
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Mean values with the same superscript letter(s) denote no significant difference at p < 

0.05; C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 

tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage 

+ maize residues + Tithonia diversifolia + goat manure, MT = minimum tillage, MTF = 

minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + 

inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic fertilizer + 

goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos 

lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat 

manure, hsd = honestly significant difference pooled error bar.  

4.1.2 Ammonium-Bound Nitrogen 

The treatments significantly affected ammonium-N (NH4˗N) at diverse sampling dates 

during the SR20 and LR21 cropping seasons (Table 4.2). Generally, NH4˗N sharply 

increased between 0 and 15 days after planting (DAP), then sharply decreased with slight 

increases at the 75 DAP during the SR20 season. However, NH4˗N was high at the start 

of the LR21 season and declined after 15 DAP, thereafter, it fluctuated without a clear 

pattern among the treatments except for the control and MT, which plateaued. 

During the SR20 cropping season, the effects of the treatments on NH4˗N were significant 

at planting and 15th, 30th, 45th, and 105th days (p < 0.0001), and at the 75th day (p = 0.0379). 

However, the effects of the treatments were insignificant at 60th (p = 0.786) and 90th days 

(p = 0. 0.890). The application of MTCrGL at the start of the season resulted in the highest 

NH4˗N that was 82% higher than the control. Moreover, MTCrGF, CTCrGL, CTCrGF, 

MTCrTiR, MTF, MTCrTiG, MTCrF, CTF, and CTCrF had exceptionally higher NH4˗N 

by 81, 80, 77, 77, 67, 67, 63, 57, and 57%, respectively, than the control. On the other 

hand, NH4˗N recorded under CTCrTiG, CTCrTiR, and MT did not greatly differ from the 
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control. At 15th DAP, MTF and MTCrGL had the highest NH4˗N, which was 98% higher 

than the control. Similarly, CTCrTiR, CTF, CTCrGF, MTCrGF, MTCrF, CTCrF, 

CTCrTiG, MT, and MTCrTiG had remarkably higher NH4˗N by 97, 97, 96, 96, 96, 95, 

92, 91, and 87%, respectively, than the control. Conversely, the performance under 

CTCrGL and MTCrTiR did not significantly vary from the control. Apart from MTF, 

MTCrGF, MTCrTiR, and MTCrF, which had higher NH4˗N by 72, 71, 71, and 55%, 

respectively, the remaining treatments were similar to the control at 30th DAP. At 45th 

DAP, only CTCrF, CTCrGF, CTCrTiR, MTCrGF, and MTF had appreciably higher (78, 

75, 75, 71, and 71%, respectively) NH4˗N than the control. The effects of the remaining 

treatments on NH4˗N were statistically the same as the effect of the control. Ammonium 

N was significantly higher only under CTCrGF and MTCrTiG by 67% and 73% than the 

control at the 75th and 105th DAP, respectively. However, it did not differ markedly under 

the remaining treatments relative to the control. 

The treatments significantly affected NH4˗N at 60th (p = 0.007), 75th, and 90th DAP (p < 

0.0001) during the LR21 season. Nevertheless, the treatments insignificantly influenced 

NH4˗N at planting and 15th, 30th, 45th, and 105th DAP at p = 0.265, 0.449, 0.242, 0.385, 

and 0.108, respectively. At 60th and 75th DAP, only CTCrGF and CTF had substantially 

higher NH4˗N by 73% and 97%, respectively than the control. The remaining treatments 

recorded statistically similar NH4˗N as the control. Plots with MTF, CTCrGF, and 

CTCrTiG at 90th DAP recorded considerably higher NH4˗N by 90, 83, and 78%, 

respectively, than the control. Conversely, it did not vary significantly under the remaining 

treatments and the control. 



63 

Table 4.2: Ammonium-N under Different Treatments over Time during SR20 and LR21 Cropping Seasons 

Treatment 
SR20    LR21 

NH-N (ug g-1)   NH-N (ug g-1) 

  0 15 30 45 60 75 90 105  0 15 30 45 60 75 90 105 

C 0.03f 0.10h 0.05bc 0.02d 0.02 0.05ab 0.01 0.03b 0.21 0.20 0.12 0.09 0.09ab 0.04b 0.05d 0.03 

CTF 0.07cde 3.21bc 0.08bc 0.03cd 0.03 0.03b 0.07 0.03b 0.85 0.47 0.27 0.17 0.06b 1.30a 0.08cd 0.06 

CTCrF 0.07cde 1.88e 0.04bc 0.09a 0.02 0.06ab 0.04 0.07ab 1.92 0.30 0.32 0.13 0.09ab 0.14b 0.12cd 0.05 

CTCrGF 0.13b 2.70cd 0.04bc 0.08ab 0.03 0.15a 0.04 0.07ab 0.77 0.09 0.29 0.10 0.33a 0.20b 0.30b 0.12 

CTCrGL 0.15ab 0.46gh 0.01c 0.01d 0.03 0.05ab 0.05 0.01b 1.26 0.46 0.22 0.22 0.08ab 0.12b 0.08cd 0.15 

CTCrTiG 0.04ef 1.25f 0.025c 0.03cd 0.02 0.03b 0.07 0.03b 0.66 0.30 0.26 0.11 0.12ab 0.23b 0.23bc 0.06 

CTCrTiR 0.04ef 3.46b 0.06bc 0.08ab 0.03 0.03b 0.06 0.03b 0.95 0.20 0.24 0.19 0.07ab 0.31b 0.11cd 0.18 

MT 0.04def 1.13f 0.05bc 0.05bcd 0.02 0.05ab 0.06 0.02b 0.50 0.30 0.05 0.08 0.17ab 0.16b 0.10cd 0.10 

MTF 0.09c 5.04a 0.18a 0.07abc 0.01 0.09ab 0.04 0.07ab 0.73 0.50 0.15 0.12 0.19ab 0.12b 0.48a 0.17 

MTCrF 0.08cd 2.31de 0.11ab 0.02d 0.02 0.03b 0.03 0.03b 1.10 0.45 0.21 0.18 0.14ab 0.16b 0.17bcd 0.12 

MTCrGF 0.16a 2.69d 0.17a 0.07abc 0.02 0.06ab 0.07 0.04b 0.93 0.10 0.14 0.09 0.28ab 0.27b 0.12cd 0.15 

MTCrGL 0.17a 4.87a 0.03c 0.02d 0.02 0.06ab 0.07 0.03b 1.40 0.30 0.23 0.28 0.23ab 0.20b 0.10cd 0.07 

MTCrTiG 0.09c 0.76fg 0.01c 0.03cd 0.03 0.07ab 0.03 0.11a 0.82 0.20 0.22 0.13 0.26ab 0.21b 0.06d 0.06 

MTCrTiR 0.13b 0.45gh 0.17a 0.01d 0.01 0.06ab 0.06 0.01b 0.92 0.21 0.28 0.13 0.20ab 0.08b 0.06d 0.06 

hsd 0.03 0.52 0.07 0.04 0.04 0.11 0.12 0.06  1.83 0.70 0.34 0.27 0.27 0.35 0.15 0.16 

p value *** *** *** *** ns * ns ***  ns ns ns ns ** *** *** ns 
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Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05; C = Control, CTF = conventional tillage + inorganic 

fertilizer, CTCrF = conventional tillage + maize residues + inorganic fertilizer, CTCrGF 

= conventional tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = 

conventional tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL 

= conventional tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = 

conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT = 

minimum tillage, MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum 

tillage + maize residues + inorganic fertilizer, MTCrGF = minimum tillage + maize 

residues + inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize 

residues + Tithonia diversifolia + rock phosphate, MTCrGL = minimum tillage + maize 

residues+ goat manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues 

+ Tithonia diversifolia + goat manure, hsd = honestly significant difference,  * p = 0.0379, 

** p = 0.007, *** p < 0.0001, ns= not significant. 

4.1.3 Nitrate-Bound Nitrogen 

The concentration of NO3-N in the soil in the earlier days of the SR20 season was low in 

all the treatments but increased towards the end of the season. However, NO3-N was high 

at the start of the LR21 season but low towards the end of the season (Error! Reference s

ource not found.). Like NH4˗N, the control exhibited a steady decline without a clear 

pattern among the other treatments across the sampling intervals. 

The treatments significantly influenced NO3-N at planting, 15th, 30th, 45th, and 60th DAP 

at p < 0.0001 during the SR20 season. However, the treatments did not markedly affect 

NO3-N at 75th, 90th, and 105th DAP (p = 0.3490, 0.4400, and 0.297, respectively). At the 

start of the season, CTF and MTF recorded the highest NO3-N of 92 and 91%, 

respectively, which were outstandingly higher than the control. Moreover, NO3-N was 

strikingly higher under CTCrGL, MTCrF, CTCrTiR, MTCrTiG, CTCrF, MTCrTiR, 

CTCrGF, MT, MTCrGF, CTCrTiG, and MTCrGL than under the control by 89, 88, 86, 

83, 75, 75, 73, 73, 67, 67, and 63%, respectively. Compared to the control, NO3-N was 
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notably higher by 80, 74, 70, 63, 57, and 53% under MTCrGL, MTF, MTCrGF, CTCrGF, 

CTCrTiR, and MTCrF, respectively, on the 15th DAP. Nevertheless, NO3-N recorded 

under CTCrGL, CTCrTiG, MT, CTF, CTCrF, MTCrTiG, and MTCrTiR did not vary 

significantly with the control. At 30th DAP, CTCrTiG was the only treatment that 

significantly had higher NO3-N of 78% than the control. Also, MTF, CTCrTiR, CTCrGF, 

MTCrF, MTCrGL, and CTCrTiG at 45th DAP exceptionally increased NO3-N by 84, 83, 

81, 81, 79, and 76%, respectively, relative to the control. However, the application of 

MTCrTiR, MTCrTiG, CTF, MTCrGF, CTCrGL, MT, and CTCrF did not result in a 

significant improvement in NO3-N relative to the control. The treatments; MTCrF, CTF, 

and MTCrGF had significantly higher NO3-N of 80, 79, and 75%, respectively, than the 

control at 60th DAP. The rest of the treatments had statistically the same NO3-N as the 

control. 

The effect of the treatments on NO3-N was significant at 45th, 60th, and 105th (p = 0.0016, 

0.0039, and 0.0106, respectively), and at 75th and 90th DAP (p < 0.0001) during the LR21 

season. Nevertheless, NO3-N treatment means did not vary significantly at planting, 15th, 

and 30th DAP (p = 0.3650, 0.1110, and 0.0984, respectively). Only CTCrGF and CTCrGL 

at 45th, and MTCrTiR at 60th DAP had incomparably higher NO3-N by 87 and 85%, and 

90%, respectively, than the control. Though the remaining treatments recorded higher 

NO3-N, their effects did not differ from that of the control. Also, only CTCrGF and 

MTCrGF had substantially higher NO3-N (of 99 and 96%, respectively) than the control 

at 75th DAP. The other treatments recorded similar NO3-N as the control. Relative to the 

control, MTCrTiR, MTCrTiG, MTF, MTCrF, and CTCrF particularly had higher NO3-N 

of 0.53, 0.39, 0.38, 0.34, and 0.32%, respectively, at 90th DAP. The NO3-N under the other 

treatments did not differ appreciably from the control. Furthermore, CTCrGF, CTCrF, and 

MTF resulted in significantly higher NO3-N of 82, 82, and 81%, respectively, than the 

control at 105th DAP. However, NO3-N under the rest of the treatments did not remarkably 

vary with the control. 



66 

Table 4.3: Nitrate-N under Different Treatments over Time during SR20 and LR21 Cropping Seasons 

Treatment 
SR20    LR21 

NO-N (ug g-1)    NO-N (ug g-1) 

  0 15 30 45 60 75 90.00 105  0 15 30 45 60 75 90 105 

C 0.03f 0.09fg 0.05bc 0.04d 0.04d 0.06 0.09 0.05 0.96 0.15 0.29 0.18c 0.12b 0.02c 0.09f 0.13ab 

CTF 0.37a 0.08fg 0.07bc 0.09cd 0.19ab 0.16 0.56 0.23 2.63 1.94 2.14 0.51abc 0.60ab 0.13bc 0.15ef 0.26ab 

CTCrF 0.12d 0.08fg 0.06bc 0.02d 0.03d 0.13 1.59 1.08 4.22 1.32 1.13 0.66abc 0.15ab 0.45bc 0.41abcde 0.28a 

CTCrGF 0.11de 0.24cd 0.08bc 0.21ab 0.09bcd 0.12 1.11 1.02 2.79 1.07 0.79 1.36a 0.19ab 2.45a 0.21cdef 0.28a 

CTCrGL 0.27b 0.16def 0.17ab 0.05d 0.05cd 1.02 0.63 0.47 4.23 2.08 1.28 1.24ab 0.46ab 0.34bc 0.19def 0.19ab 

CTCrTiG 0.09de 0.12efg 0.23a 0.17abc 0.02d 0.39 0.91 0.83 3.16 0.32 0.54 0.38abc 0.64ab 0.25bc 0.08f 0.20ab 

CTCrTiR 0.22bc 0.21d 0.04c 0.23a 0.13abcd 0.25 0.81 1.11 2.49 1.08 0.21 1.12abc 1.01ab 0.15bc 0.23bcdef 0.16ab 

MT 0.11de 0.09fg 0.07bc 0.03d 0.10abcd 0.10 0.07 0.05 2.61 0.42 0.23 0.22bc 0.09b 0.14bc 0.06f 0.05b 

MTF 0.35a 0.34b 0.18ab 0.25a 0.10abcd 0.18 0.45 1.70 3.65 0.80 1.49 0.74abc 0.35ab 0.04c 0.47abc 0.27a 

MTCrF 0.26b 0.19de 0.13abc 0.21ab 0.20a 0.16 1.06 1.04 1.96 2.14 0.95 0.52abc 0.43ab 0.18bc 0.43abcd 0.12ab 

MTCrGF 0.09de 0.30bc 0.07bc 0.06d 0.16abc 0.05 1.44 0.73 4.69 2.07 0.32 1.04abc 0.46ab 0.55b 0.15ef 0.21ab 

MTCrGL 0.08e 0.46a 0.09bc 0.19abc 0.12abcd 0.14 0.86 1.69 4.46 2.02 1.60 0.70abc 0.58ab 0.30bc 0.23bcdef 0.15ab 

MTCrTiG 0.18c 0.05g 0.11abc 0.11bcd 0.06cd 0.09 0.27 0.21 2.19 1.33 1.99 0.93abc 1.07ab 0.23bc 0.48ab 0.21ab 

MTCrTiR 0.12de 0.04g 0.12abc 0.12bcd 0.02d 0.09 0.29 1.18 2.62 0.40 0.99 0.50abc 1.17a 0.26bc 0.62a 0.13ab 

hsd 0.05 0.09 0.12 0.11 0.11 1.17 2.34 2.50  3.75 2.87 2.50 1.02 1.04 0.50 0.27 0.21 

p value *** *** *** *** *** ns ns ns  ns ns ns **† **†† *** *** * 
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Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05; C = Control, CTF = conventional tillage + inorganic 

fertilizer, CTCrF = conventional tillage + maize residues + inorganic fertilizer, CTCrGF 

= conventional tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = 

conventional tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL 

= conventional tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = 

conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT = 

minimum tillage, MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum 

tillage + maize residues + inorganic fertilizer, MTCrGF = minimum tillage + maize 

residues + inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize 

residues + Tithonia diversifolia + rock phosphate, MTCrGL = minimum tillage + maize 

residues+ goat manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues 

+ Tithonia diversifolia + goat manure, hsd = honestly significant difference, * p = 0.0106, 

, **† p = 0.0016, **†† p = 0.0039, *** p < 0.0001, ns= not significant. 

4.1.4 Total Mineral Nitrogen 

On average, NO3-N explained a 62% variation in total N on the 15th DAP before rapidly 

declining during the SR20 season (Table 4.4). An accelerated increase in NH4˗N 

afterwards explained 89% of the total mineral N from the 15th to 30th DAP. However, the 

contribution of NO3-N surged towards the end of the cropping season, contributing, on 

average, 85% to the total mineral N on the 90th and 105th DAP. Overall, NO3-N and NH4˗N 

contributed 65% and 35% to the total mineral N during the SR20 season. Nitrate N was 

generally high throughout the sampling intervals, contributing 67% to the total mineral N 

compared to 33% for NH4˗N during the LR21 season. 

Total mineral N varied significantly at planting, 15th, 30th, 45th, and 60th DAP at p < 0.0001 

during the SR20 season (Table 4.4). Application of MTF, CTF, and CTCrGL had the 

highest (86, 86, and 85%, respectively) remarkable improvement in total mineral N at 

planting. Also, MTCrF, MTCrTiG, CTCrTiR, MTCrGF, MTCrGL, MTCrTiR, CTCrGF, 

CTCrF, MT, and CTCrTiG had considerably higher mineral N of 82, 79, 77, 76, 76, 76, 
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75, 68, 63, and 50%, respectively, than the control. After the 15th DAP, the highest mineral 

N was recorded under MTF and MTCrGL which was 96% higher than the control. 

Moreover, CTCrTiR, CTF, MTCrGF, CTCrGF, MTCrF, CTCrF, CTCrTiG, MT, and 

MTCrTiG had 95, 94, 94, 94, 92, 90, 86, 84, and 77%, respectively, substantially higher 

mineral N than the control. On the other hand, mineral N under CTCrGL and MTCrTiR 

did not remarkably differ from the control. Additionally, only MTF, MTCrTiR, and 

CTCrTiG had 72, 66, and 60% higher mineral N compared to the control at 30th DAP. It 

did not, however, vary greatly from the control. At the 45th DAP, MTF, CTCrTiR, 

CTCrGF, MTCrF, MTCrGL, and CTCrTiG had 81, 81, 79, 74, 71, and 70%, respectively, 

appreciably higher mineral N than the control. However, it did not vary when the control 

was compared with MTCrTiG, MTCrGF, MTCrTiR, CTF, CTCrF, MT, and CTCrGL. 

Furthermore, only CTF, MTCrF, and MTCrGF recorded outstandingly higher mineral N 

than the control of 74, 71, and 67%, respectively, at the 60 DAP. The remaining treatments 

did not vary significantly from the control. 

During the LR21 season, the treatments significantly affected mineral N after 45th (p = 

0.0018), 60th (p = 0.0028), 75th (p <0.0001), 90th (p <0.0001), and 105th (p = 0.0028) DAP 

(Table 4.4). The plots with CTCrGF and CTCrGL on the 45th DAP and MTCrTiG on the 

60th DAP resulted in 82% and 84% higher mineral N relative to the control. It was high 

under the remaining treatments but did not vary significantly from the control. On the 75th 

DAP, CTCrGF, CTF, and MTCrGF recorded 98, 96, and 93% higher mineral N than the 

control. The rest of the treatments did not significantly affect mineral N compared to the 

control. The nutrient was significantly higher by 85, 79, 77, 74, 74, and 73%, respectively, 

under MTF, MTCrTiR, MTCrF, MTCrTiG, CTCrF, and CTCrGF, respectively, than the 

control on the 90th DAP. The effect of CTCrTiR, MTCrGL, CTCrTiG, CTCrGL, 

MTCrGF, CTF, and MT on mineral N did not differ from that of control during the same 

period (90 DAP). At the end of the cropping season (105 DAP), only MTF had a higher 

mineral N by 64%, while the rest of the treatments did not exert a significant effect 

compared to the control. 
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Table 4.4: Total Mineral N under Different Treatments over Time during SR20 and LR21 Cropping Seasons 

Treatments 
SR20 (ug g-1)    LR21 (ug g-1) 

Total   Total 

  0 15 30 45 60 75 90.00 105  0 15 30 45 60 75 90 105 

C 0.06g 0.19i 0.10cd 0.06d 0.06de 0.10 0.10 0.08 0.96 0.30 0.40 0.27b 0.21b 0.06d 0.14f 0.16b 

CTF 0.43a 3.28bc 0.15bcd 0.12bcd 0.23a 0.19 0.62 0.25 2.63 2.41 2.41 0.68ab 0.66ab 1.43b 0.23ef 0.32ab 

CTCrF 0.19de 1.95e 0.10cd 0.11bcd 0.05de 0.20 1.63 1.15 4.22 1.60 1.46 0.79ab 0.24b 0.58cd 0.53bcd 0.32ab 

CTCrGF 0.24cd 2.94cd 0.12cd 0.28a 0.11abcde 0.26 1.15 1.08 2.79 1.16 1.08 1.46a 0.52ab 2.65a 0.51bcde 0.39ab 

CTCrGL 0.41a 0.62hi 0.17bcd 0.06d 0.08cde 1.07 0.67 0.49 4.23 2.53 1.49 1.46a 0.53ab 0.46cd 0.27def 0.32ab 

CTCrTiG 0.12f 1.36f 0.25abc 0.20abc 0.04e 0.41 0.97 0.86 3.16 0.61 0.80 0.48ab 0.75ab 0.48cd 0.31def 0.26ab 

CTCrTiR 0.26c 3.67b 0.09d 0.31a 0.16abcd 0.27 0.88 1.14 2.49 1.25 0.45 1.31ab 1.21ab 0.46cd 0.34cdef 0.34ab 

MT 0.16ef 1.22fg 0.12cd 0.08cd 0.13abcde 0.14 0.12 0.06 2.61 0.68 0.27 0.30b 0.26b 0.30cd 0.16f 0.15b 

MTF 0.44a 5.38a 0.36a 0.32a 0.11abcde 0.27 0.50 1.77 3.65 1.30 1.63 0.86ab 0.53ab 0.17d 0.95a 0.44a 

MTCrF 0.33b 2.51d 0.24abcd 0.23ab 0.21ab 0.19 1.09 1.06 1.96 2.58 1.16 0.69ab 0.57ab 0.34cd 0.60bc 0.24ab 

MTCrGF 0.25cd 2.99cd 0.24abcd 0.13bcd 0.18abc 0.11 1.51 0.76 4.69 2.16 0.45 1.14ab 0.74ab 0.82c 0.26def 0.35ab 

MTCrGL 0.25cd 5.33a 0.11cd 0.21ab 0.15abcde 0.19 0.93 1.73 4.46 2.31 1.83 0.98ab 0.82ab 0.50cd 0.33cdef 0.21ab 

MTCrTiG 0.28bc 0.81gh 0.11cd 0.15bcd 0.08cde 0.15 0.31 0.31 2.19 1.53 2.20 1.05ab 1.33a 0.44cd 0.54bcd 0.28ab 

MTCrTiR 0.25cd 0.48hi 0.29ab 0.13bcd 0.04e 0.14 0.34 1.19 2.62 0.61 1.27 0.64ab 1.23ab 0.33cd 0.68ab 0.19b 

hsd 0.06 0.52 0.15 0.13 0.11 1.16 2.38 2.49  3.75 2.88 2.57 1.08 1.04 0.58 0.29 0.25 

p value *** *** *** *** *** ns ns ns  ns ns ns **† **†† *** *** **†† 

Mean values with the same superscript letter(s) within the same column denote no significant difference at p < 0.05; C = Control, CTF = conventional 

tillage + inorganic fertilizer, CTCrF = conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize residues + 

inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT 

= minimum tillage, MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + inorganic fertilizer,  MTCrGF = 

minimum tillage + maize residues + inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure, hsd = honestly significant difference, **† p = 0.0018,  **†† p = 0.0028, *** p < 0.0001, ns= not significant.
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4.1.5 Plant Tissue N Concentration, Apparent N Recovery, and N Partial Factor 

Productivity  

The treatments affected nitrogen concentrations in plant tissues significantly (Figure 4.2). 

Compared to the control, the other treatments, except for MT, significantly enhanced N 

uptake by 76%. However, the effects on N uptake were more profound under CTCrGF 

and MTCrGF, resulting in 86 and 84% higher values than under the control. The CTCrGL, 

MTCrGL, CTCrF, CTF, MTF, MTCrF, CTCrTiG, CTCrTiR, MTCrTiG, and MTCrTiR 

treatments exceedingly improved N uptake by 82, 81, 80, 79, 74, 73, 72, 69, 67, and 62%, 

respectively, compared to the control.  

 

Figure 4.2: Nitrogen Concentrations in Plant Tissues under Different Treatments 

Mean values with the same superscript letter(s) denote no significant difference at p < 

0.05; C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 

tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage 

+ maize residues + Tithonia diversifolia + goat manure, MT = minimum tillage, MTF = 

minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + 

inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic fertilizer + 
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goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos 

lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat 

manure, hsd = honestly significant difference pooled error bar.  

Apparent N Recovery (ANR) averaged 3.33 and varied significantly among the treatments 

(Figure 4.3). The highest recoveries of 5.11 and 5.75 were recorded under CTCrGF and 

MTCrGF. Also, ANR was high under CTCrGL, MTCrGL, CTCrF, CTF, MTF, MTCrF, 

and CTCrTiG but was lower by 25, 29, 34, 38, 53, 55, and 58%, respectively, compared 

to the highest ANR under CTCrGF. The least ANR values were recorded under CTCrTiR, 

MTCrTiG, and MTCrTiR. Nitrogen partial factor productivity (NPFP) also significantly 

varied among the treatments and averaged 32.72 kg N ha-1 among the treatments. The 

highest NPFP of 52.80 kg N ha-1 was recorded under CTCrGF. Higher NPFP values were 

also recorded under CTCrF, MTCrGF, MTCrF, MTCrTiG, CTF, CTCrTiG, CTCrTiR, 

and MTF but greatly lower under MTCrGL and CTCrGL.  

 

Figure 4.3: (a) Apparent N Recovery and (b) N PFP under Different Treatments 

during LR21 Cropping Season 

Mean values with the same superscript letter(s) denote no significant difference at p < 

0.05; C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 
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tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage 

+ maize residues + Tithonia diversifolia + goat manure, MT = minimum tillage, MTF = 

minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + 

inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic fertilizer + 

goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos 

lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat 

manure, hsd = honestly significant difference pooled error bar 

4.2 Simulated vs Observed N Mineralization under Different ISFM Technologies 

The relationship between the observed and the simulated NH4-N during the SR20 season 

was weak and insignificant in all the treatments, as shown by the low R2 values (Table 

4.5). The APSIM model was not accurate in simulating NH4-N during the same season as 

the lowest RMSE, and the highest d-index was only 0.78 kg ha-1 and 0.47, respectively, 

for MT. A positive and significant relationship existed between the simulated and 

observed NH4-N only for MTCrF (R2 = 0.56; p= 0.03) and CTCrGL (R2 = 0.52; p = 0.04) 

during the LR21 cropping season. However, there was generally low model accuracy in 

simulating NH4-N during LR21 as the lowest RMSE was only 0.72 kg ha-1 while the 

highest d-index was just 0.58 for CTCrF. 

The relationships between simulated and observed NO3-N for CTCrTiG, CTCrTiR, 

MTCrF, and CTCrGF were positive and significant (R2 = 0.63, 0.58, 0.56, and 0.54; p = 

0.02, 0.03, 0.03, and 0.04, respectively) during SR20 cropping season as shown in Table 

4.6. Nevertheless, the model was generally inaccurate in simulating NO3-N during the 

season, given that the lowest RMSE was just 0.78 kg ha-1 and the highest d-index was 

0.75 for MTCrGL. The simulated NO3-N during the LR21 cropping season positively and 

significantly related to the observed values for MTCrTiG (R2 = 0.61; p = 0.02) and MTCrF 

(R2 = 0.53; p = 0.04). Overall, APSIM was not accurate in simulating NO3-N during the 
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LR21 cropping season but only accurately simulated NO3-N under CTCrF, depicted by 

the lowest RMSE of 1.80 kg ha-1 and the highest d-index of 0.76. 

Table 4.5: Model Performance Analysis for NH4-N Using R2, RMSE, and d-Index 

for Different Treatments during SR20 and LR21 Cropping Seasons 

Treatment SR20 
 

LR21    
RMSE 

   
RMSE 

 

R2 p value 
 

(kg ha-1) d-index R2 p value (kg ha-1) d-index 

C 0.14 0.37 
 

0.83 0.11 0.07 0.54 0.91 0.11 

CTF 0.05 0.61 
 

1.40 0.31 0.06 0.56 0.79 0.48 

CTCrF 0.16 0.32 
 

0.95 0.11 0.15 0.34 0.72 0.58 

CTCrGF 0.01 0.82 
 

1.31 0.26 0.24 0.22 0.95 0.08 

CTCrGL 0.03 0.70 
 

0.78 0.23 0.52 0.04 1.16 0.01 

CTCrTiG 0.01 0.86 
 

0.85 0.42 0.47 0.06 0.96 0.03 

CTCrTiR 0.02 0.74 
 

1.42 0.27 0.42 0.08 1.01 0.03 

MT 0.05 0.59 
 

0.78 0.47 0.26 0.20 0.85 0.19 

MTF 0.01 0.81 
 

1.01 0.39 0.10 0.44 0.78 0.31 

MTCrF 0.01 0.81 
 

1.01 0.39 0.56 0.03 0.98 0.02 

MTCrGF 0.01 0.79 
 

1.33 0.25 0.36 0.12 1.11 0.01 

MTCrGL 0.00 0.98 
 

0.78 0.34 0.43 0.08 1.12 0.00 

MTCrTiG 0.00 0.98 
 

0.78 0.34 0.34 0.13 0.94 0.00 

MTCrTiR 0.14 0.37 
 

0.83 0.11 0.46 0.06 1.03 0.02 

 C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 

tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage 

+ maize residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no 

amendments), MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage 

+ maize residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + 

inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + 

Tithonia diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ 

goat manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 
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Table 4.6: Model Performance Analysis for NO3-N Using R2, RMSE, and d-Index 

for Different Treatments during SR20 and LR21 Cropping Seasons 

Treatment SR20     LR21 

R2 p-value   RMSE d-index 
 

R2 p-value   RMSE d-index 

(kg ha-1) (kg ha-1) 

C 0.30 0.16 
 

4.61 0.01 
 

0.30 0.16 
 

4.57 0.03 

CTF 0.11 0.43 
 

4.51 0.07 
 

0.34 0.13 
 

4.67 0.20 

CTCrF 0.34 0.13 
 

0.73 0.30 
 

0.34 0.13 
 

1.80 0.76 

CTCrGF 0.54 0.04 
 

3.97 0.30 
 

0.08 0.50 
 

4.40 0.25 

CTCrGL 0.29 0.17 
 

4.12 0.19 
 

0.09 0.47 
 

4.97 0.26 

CTCrTiG 0.63 0.02 
 

4.04 0.26 
 

0.02 0.71 
 

4.74 0.19 

CTCrTiR 0.58 0.03 
 

4.04 0.24 
 

0.20 0.26 
 

4.53 0.10 

MT 0.00 0.90 
 

4.61 0.02 
 

0.08 0.50 
 

5.12 0.17 

MTF 0.32 0.15 
 

4.06 0.28 
 

0.10 0.46 
 

5.00 0.22 

MTCrF 0.56 0.03 
 

4.05 0.24 
 

0.53 0.04 
 

4.51 0.04 

MTCrGF 0.38 0.10 
 

3.97 0.32 
 

0.00 0.91 
 

5.07 0.36 

MTCrGL 0.48 0.06 
 

3.91 0.75 
 

0.10 0.45 
 

4.96 0.24 

MTCrTiG 0.34 0.13 
 

4.45 0.05 
 

0.61 0.02 
 

4.39 0.03 

MTCrTiR 0.39 0.10   4.14 0.23   0.06 0.57   4.36 0.17 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 

residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + maize 

residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 

residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 

manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 

Simulated NH4-N under all the treatments increased from planting date to the 45th DAP 

then slightly declined on the 60th and 105th DAP during the SR20 cropping season (Figure 

4.4). All the treatments had similar simulated NH4-N along the various sampling intervals 

apart from CTCrF. Moreover, only CTF, MTF, and control had higher NH4-N at 15 DAP. 
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At the start of the cropping season (planting day), the APSIM under-simulated NH4-N 

under MTCrGF, CTCrGF, MTCrGL, CTCrGL, and MTCrTiR by 50% (Appendix III). 

The Simulator also recorded 96, 85, 85, 79, 78, 78, 76, 75, 50, 41, and 30% lower NH4-N 

under CTCrF, MTCrGL, CTCrTiR, MTF, MTCrGF, CTF, CTCrGF, CTCrTiG, MT, and 

MTCrF, respectively, than the observed values on the 15th DAP. However, from 30 to 105 

DAP, the simulated values exceeded the observed value by over 100%, on average in all 

the treatments. 
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Figure 4.4: Observed and Simulated NH4-N (kg ha-1) under Different Treatments 

over Time during the SR20 Cropping System 
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Figure 4.4 (Continued): Observed and Simulated NH4-N (kg ha-1) under Different 

Treatments over Time during the SR20 Cropping System 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 

residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + maize 

residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 

residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 
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manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 

Simulated NO3-N showed an increasing trend between the sampling intervals under most 

of the treatments apart from CTCrF which had no clear pattern during the SR20 cropping 

season (Figure 4.5). Similarly, APSIM under-simulated NO3-N at 0 DAP under MTCrGF, 

MTCrGL, CTCrTiR, MTCrTiR, MTCrTiG, and CTCrTiG, respectively, by 100% on the 

planting day (Appendix IV). Additionally, CTCrF on the 15th DAP was 100% higher 

under the observed value compared to the simulated value. Generally, APSIM 

overestimated NO3-N by over 100% from 15 to 105 DAP under most of the treatments. 

 

Figure 4.5: Observed and Simulated NO3-N (kg ha-1) under Different Treatments 

over Time during the SR20 Cropping System  
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Figure 4.5 (Continued): Observed and Simulated NO3-N (kg ha-1) under Different 

Treatments over Time during the SR20 Cropping System 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 
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residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + maize 

residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 

residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 

manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 

The simulated NH4-N showed a similar trend in LR21 as was in the SR20 cropping season, 

in which it increased from 0 DAP to 60 DAP and thereafter declined (Figure 4.6). The 

simulator accurately estimated NH4-N under CTF and control on the planting day and 

under CTCrF on the 45th and 60th DAP (Appendix V). Nevertheless, it greatly under-

estimated NH4-N at planting day under MTCrGF, MTCrF, MTCrTiR, MTF, CTCrGF, 

MTCrTiG, CTCrTiG, MTCrGL, CTCrGL, CTCrF, MT, and CTCrTiR by 93, 92, 92, 92, 

90, 91, 89, 88, 83, 56, 13, and 10%, respectively. Moreover, APSIM also underestimated 

NH4-N under CTCrF and CTF by 50% and 29% at 30 and 75 DAP, respectively. Overall, 

the simulated NH4-N was greater than the observed values among the treatments after 0 

DAP by more than 100%. 
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Figure 4.6: Observed and simulated NH4-N (kg ha-1) under Different Treatments 

over Time during the LR21 Cropping System 

  



82 

 

Figure 4.6 (Continued): Observed and Simulated NH4-N (kg ha-1) under Different 

Treatments over Time during the LR21 Cropping System 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 

residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + maize 

residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 

residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 
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manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 

Simulated NO3-N showed no particular pattern among the treatments across the sampling 

intervals (Figure 4.7). However, similar to the observed values, simulated NO3-N during 

the LR21 season was higher than during the SR20 cropping season at the start. The NO3-

N was accurately estimated under MTCrGL, CTCrGL, and control on the planting day 

(Appendix VI). The simulator underestimated NO3-N under MTCrGF by 1% and 90% 

on the planting day and 15 DAP, respectively. Simulated NO3-N under CTCrGF was 10%, 

81%, and 17% lower than the observed values as it was also lower by 1%, 92%, and 18%, 

respectively, under MTCrF at 0, 15, and 30 DAP. On planting days 15 and 30 DAP, the 

simulated NO3-N under MTCrTiR and MTCrTiG were lower than the observed by 5%, 

50%, 36%, 15%, 88%, and 64%, respectively. There was also an underestimation of the 

values under CTCrTiG and CTCrTiR on the planting day and 15 DAP by 13% and 40%, 

and by 13% and 85%, respectively. On the 15, 30, 45, and 60 DAP, APSIM under-

estimated NO3-N by 82% and 100% under CTCrF and by 7% under CTF on the 30th DAP. 

Also, the simulated under CTCrGL was lower by 90% and 44% compared to the observed 

at 15 and 30 DAP, respectively. The remaining estimated values among the treatments 

across the sampling intervals were generally higher than the observed values. 
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Figure 4.7: Observed and Simulated NO3-N (kg ha-1) under Different Treatments 

over Time during the LR21 Cropping System  
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Figure 4.7 (Continued): Observed and Simulated NO3-N (kg ha-1) under Different 

Treatments over Time during the LR21 Cropping System 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 

residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + maize 

residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 
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residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 

manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 

4.3.1 Impact of Various ISFM technologies on Available Soil N  

There was a significant treatment effect on available soil N at the end of the experiment 

(Table 4.7). The highest available N was observed under CTCrF, which was 65% higher 

than the control and differed significantly from the other treatments. Higher N (59, 59, 59, 

57, 57, 57, 55, 55, 55, 50, and 50%) than the control was also recorded under MTCrGL, 

CTCrGL, CTCrTiR, MTCrTiR, MTCrF, CTCrTiG, MTF, CTCrGF, CTF, MTCrTiG and 

MTCrGF, respectively. Though MT did not differ from the control, the variation between 

it and other treatments was significant.  

The treatments resulted in a significant change in available N. Apart from MT, changes in 

available N under the treatments at the end of the experiment were exceedingly greater 

than the change in the control. The greatest positive change in N was observed under 

CTCrF, which was 300% greater than the change under the control. On average, the 

amended plots recorded a positive change in N of 214%. The changes under MTCrGL, 

CTCrGL, CTCrTiR, MTCrTiR, MTCrF, CTCrTiG, MTF, CTCrGF, and CTF were not 

significantly different but were higher than the changes under MTCrGF and MTCrTiG. 

Nitrogen declined by 160% under MT but did not differ with the reduction of 183% under 

the control. 
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Table 4.7: Available and Change in N under Various Treatments at the End of 

Experimentation 

Treatment N (%)  Change t value Pr > |t| 

C 0.09e  -0.06d -11.10 0.0016 

CTF  0.20bcd  0.05bc 13.17 0.0009 

CTCrF  0.26a  0.12a 26.59 0.0001 

CTCrGF  0.20bcd  0.06bc 9.03 0.0029 

CTCrGL 0.22b  0.08b 25.31 0.0001 

CTCrTiG 0.21bcd  0.07bc 6.54 0.0073 

CTCrTiR 0.22b  0.08b 9.24 0.0027 

MT  0.11e  -0.03d -5.65 0.011 

MTF  0.20bcd  0.06bc 13.35 0.0009 

MTCrF 0.21bc  0.07bc 7.67 0.0046 

MTCrGF 0.18d  0.04c 8.08 0.004 

MTCrGL  0.22b  0.08b 11.97 0.0013 

MTCrTiG 0.18cd  0.04c 13.66 0.0008 

MTCrTiR 0.21b  0.07b 8.72 0.0032 

hsd 0.03  0.03 na na 

p-values ***  *** na na 

Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05, (3) HSD = honestly significant difference, (4) not 

applicable, *** p < 0.0001; C = Control, CTF = conventional tillage + inorganic fertilizer, 

CTCrF = conventional tillage + maize residues + inorganic fertilizer, CTCrGF = 

conventional tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = 

conventional tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL 

= conventional tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = 

conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT = 

minimum tillage (no amendments), MTF = minimum tillage + inorganic fertilizer, MTCrF 

= minimum tillage + maize residues + inorganic fertilizer, MTCrGF = minimum tillage + 

maize residues + inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize 

residues + Tithonia diversifolia + rock phosphate, MTCrGL = minimum tillage + maize 

residues+ goat manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues 

+ Tithonia diversifolia + goat manure. 
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4.4 Phosphorus Fractions under Different ISFM Technologies 

The treatments significantly influenced the distribution of P fraction (Figure 4.8 and 

Table 4.8). Total labile Pi was higher than the total labile Po, respectively. Total labile P 

(summation of labile and moderate labile) was greater than the total recalcitrant P 

(summation of less labile and none labile P) under all the treatments. 

Generally, most P fractions were higher under MTCrGF and CTCrGF, with a few 

exceptions (Table 4.8). Sequential fractionation showed residual P as the largest P 

fraction, followed by NaOH-Pi, while the lowest was NaHCO3-Po. The residual P was 

significantly (p< 0.0035) higher by 3471 mg kg-1 under MTCrGF than under control. 

Resin-Pi was the most dominant fraction under the labile P fractions and was significantly 

(p< 0.0001) higher under MTCrGF, MTCrF, CTCrF, CTCrGF, CTF, and MTCrTiR by 

182, 115, 100, 100, 83, and 69 mg kg-1, respectively, than the control. The remaining 

treatments had a similar impact on resin-Pi as the control. The second prominent labile P 

fraction was NaHCO3-Pi which was significantly (p< 0.0001) higher under MTCrGF, 

MTCrF, CTCrGF, CTF, CTCrF, and MTF by 76, 53, 48, 45, 42, and 31 mg kg-1, 

respectively, relative to the control. The rest of the treatments were comparable to the 

control. The lowest labile P fraction was NaHCO3-Po and was only significantly (p = 

0.0285) impacted by CTCrTiR, causing a 32 mg kg-1 increment from the control. Plots 

under CTCrGF, MTCrF, CTF, CTCrF, MTCrGF, and MTF treatments had the highest 

(216, 214, 210, 186, 183, and 123 mg kg-1, respectively) concentrations of NaOH-Pi than 

the control. Only MTCrTiG and CTCrTiG performed exceedingly well, leading to 101 

and 77 mg kg-1 higher NaOH-Po than the control. 

The greatest contributor to a recalcitrant fraction (less labile and none labile P) was sonic 

NaOH-Pi. It was significantly (p< 0.0001) higher by 45, 40, 31, and 28 mg kg-1 under 

CTCrGF, MTCrGF, CTF, and CTCrF than the control. Though the remaining 

technologies had higher sonic NaOH-Pi, the variations were insignificant compared to the 

control. Additionally, sonic NaOH-Po was significantly (p< 0.0001) higher under 

MTCrGF, MTCrTiR, MTCrF, and MTCrGL (80, 49, 48, and 43 mg kg-1) than in control. 
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The other treatments had higher sonic NaOH-Po, but the differences were insignificant to 

the control. On the other hand, none labile HCl-Pi was greater under MTCrTiR, MTCrGF, 

and CTCrGF by 24, 19, and 14 mg kg-1, respectively, compared to the control. Despite 

recording appreciably high none labile HCl-Pi, except MT, the remaining treatments had 

statistically the same labile HCl-Pi as the control.  

 

Figure 4.8: Distributions of (a) Total Labile Pi, (b) Total Labile Po, (c) Total Labile 

P, and (d) Total Recalcitrant P under Different Treatments 

Mean values with the same superscript letter(s) denote no significant difference at p < 

0.05; C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 

tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage 

+ maize residues + Tithonia diversifolia + goat manure, MT = minimum tillage, MTF = 

minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + 
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inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic fertilizer + 

goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos 

lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat 

manure, hsd = honestly significant difference pooled error bar.
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Table 4.8: Quantitative Distributions of Soil P Fractions among Different Treatments 

Treatment 
Labile Moderate labile-P Less labile None 

labile 

HCl-Pi 

Residual P 

Resin-Pi NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po Sonic NaOH-Pi 

Sonic 

NaOH-Po 
 

mg P kg-1 

C 24.35f 13.74e 11.61b  235.16c 29.13c  68.61e 4.52d  14.63d 7465.20b 

CTF 107.17bcd 58.75bc 17.14ab 444.66a 38.39c 99.35abc 31.36bcd 14.69d 9259.60ab 

CTCrF 124.74bc 56.13bc 19.54ab 421.52a 45.51bc 96.71abcd 44.27abcd 17.87cd 9321.30ab 

CTCrGF 124.65bc 61.25bc 29.19ab 450.80a 74.20abc 113.76a 44.30abcd 28.36abc 8057.00ab 

CTCrGL 75.25cdef 20.67e 13.41ab 259.52bc 55.89bc 75.25de 40.55bcd 18.41cd 8902.80ab 

CTCrTiG 46.05ef 14.11e 14.20ab 240.54c 106.20ab 71.09e 13.33bcd 15.35cd 7642.90b 

CTCrTiR 77.45cdef 30.11de 43.67a 270.53bc 46.80bc 75.48de 26.74bcd 18.83cd 7766.20b 

MT 26.20f 13.66e 7.07b 229.54c 18.99c 69.59e 7.45cd 12.77d 8215.60ab 

MTF 66.71def 44.55cd 16.73ab 358.36ab 30.95c 71.92e 15.21bcd 14.69d 7616.50b 

MTCrF 139.46b 66.74b 28.82ab 449.25a 53.45bc 87.26bcde 52.35ab 24.78bcd 8638.50ab 

MTCrGF 206.26a 89.74a 23.62ab 417.84a 79.60abc 108.32ab 84.03a 33.81ab 10936.50a 

MTCrGL 61.89def 17.64e 21.14ab 246.84c 72.15abc 70.99e 47.86abc 23.82bcd 9603.20ab 

MTCrTiG 50.73ef 20.59e 17.81ab 239.16c 129.78a 71.37e 12.25bcd 18.53cd 10096.60ab 

MTCrTiR 93.23bcde 27.83de 14.74ab 304.03bc 63.16bc 80.08cde 53.12ab 38.61a 9415.20ab 

hsd  54.79 22.07 31.38 102.40 62.61 23.83 41.56 13.42 3045.20 

p-value *** *** * *** *** *** *** *** ** 

Mean values followed with the same letter(s) within the same column do not differ at p < 0.05; hsd = honestly significant difference. 

* p < 0.0285, ** p < 0.0035, *** p< 0.0001; C = Control (no amendments) , CTF = Conventional tillage +  inorganic fertilizer, 

CTCrF = Conventional tillage + maize residue + inorganic fertilizer, CTCrGF = Conventional tillage + maize residue + inorganic 

fertilizer + goat manure, CTCrTiR = Conventional tillage + maize residue + Tithonia diversifolia + rock phosphate, CTCrGL = 
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Conventional tillage + maize residue + goat manure + legume intercrop, CTCrTiG = Conventional tillage + maize residue + 

Tithonia diversifolia + goat manure, MT = Minimum tillage + no amendments, MTF = Minimum tillage + inorganic fertilizer, 

MTCrF = Minimum tillage + maize residue + inorganic fertilizer, MTCrGF = Minimum tillage + maize residue + inorganic 

fertilizer + goat manure, MTCrTiR = Minimum tillage + maize residue + Tithonia diversifolia + rock phosphate, MTCrGL = 

Minimum tillage + maize residue + goat manure + legume intercrop, MTCrTiG = Minimum tillage + maize residue + Tithonia 

diversifolia + goat manure. NaHCO3-Pi = sodium bicarbonate-extractable inorganic P, NaHCO3-Po = sodium bicarbonate-

extractable organic P, NaOH-P = sodium hydroxide-extractable Fe.Al-P, and HCl-Pi= hydrochloric acid-extractable Mg.Ca-P. 
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4.4.1 Phosphorus Sorption Characteristics under Different ISFM Technologies  

Phosphorus sorption parameters and P legacy were significantly impacted by the 

treatments (Figure 4.9). Maximum P sorption (Smax) was exceedingly higher under 

MTCrGF and CTCrGF by 52 and 49 mg P kg-1, respectively, than the control. As revealed 

by the greater ⱪ values (the bonding energy), P is highly fixed under the control (2.57 L 

mg-1) and MT (4.59 L mg-1) than in all the other treatments. Fixation of P was twice higher 

under MT than the control. The lowest ⱪ was recorded under CTCrGF and MTCrGF (0.04 

L mg-1), which was 98% lower than the control. Compared to the control, ⱪ was also 

markedly lower by 2.42, 2.41, 2.40, 2.38, 2.37, 2.37, 2.32, 2.21, 2.10, and 1.91 L mg-1 

under MTCrGL, MTCrF, CTCrGL, CTCrF, CTCrTiR, MTCrTiG, MTCrTiR, CTCrTiG, 

CTF, and MTF, respectively. Apart from CTCrF, CTCrGF, and MT, the rest of the 

treatments had substantially higher Degrees of Phosphorus Saturation (DPS) with a 40% 

increment on average from the control. The highest DPS was recorded under MTCrTiG, 

which was higher than the control by 66%. 

Legacy P was highest under MTCrGF. Significantly higher legacy P of 51, 48, 43, 38, 37, 

36, and 27% were also recorded under MTCrGF, CTCrGF, MTCrF, CTF, CTCrF, 

MTCrGL, and CTCrTiG, respectively, relative to the control. However, it showed no 

variations under MTCrGF, CTCrGF, and MTCrF. No significant differences in legacy P 

were observed among CTF, CTCrF, MTCrGL, and CTCrTiG. It varied significantly under 

MTCrGF and CTCrGF from the amounts recorded under CTF, CTCrF, MTCrGL, and 

CTCrTiG.  
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Figure 4.9: Mean Maximum P Sorption capacity (Smax), Bonding Energy (ⱪ), and 

Degrees of P Saturation (DPS) as Influenced by Different Treatments 

Mean values with the same superscript letter(s) denote no significant difference at p < 0.05; C = 

Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional tillage + maize 

residues + inorganic fertilizer, CTCrGF = conventional tillage + maize residues + inorganic 

fertilizer + goat manure, CTCrTiR = conventional tillage + maize residues + Tithonia diversifolia 

+ rock phosphate, CTCrGL = conventional tillage + maize residues+ goat manure + Dolichos 

lablab, CTCrTiG = conventional tillage + maize residues + Tithonia diversifolia + goat manure, 

MT = minimum tillage, MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage 

+ maize residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + 

rock phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos lablab, 

MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat manure, hsd = 

honestly significant difference pooled error bar. 
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4.4.2 Response of Aboveground P Use Efficiencies to ISFM Technologies 

Phosphorus use efficiency parameters significantly (p< 0.0001) varied among the 

treatments during the two seasons (Figure 4.10). The effects of the treatments on 

Phosphorus Partial Productivity Factor (PPF) and Phosphorus Agronomic Efficiency 

(PAE) were consistent across the two seasons. The highest Phosphorus Use Efficiency 

(PUE), as indicated by PPF (0.093 and 0.140 kg biomass kg-1 P) and PAE (0.080 and 

0.073 kg biomass kg-1 P) during SR20 and LR21, respectively, were observed under 

CTCrGF. However, PPF (0.043 and 0.078 kg biomass kg-1 P) and PAE (0.030 and 0.008 

kg biomass kg-1 P) were the lowest under MTCrTiR during the two seasons. The lowest 

PPF (0.045 kg biomass kg-1 P) was also recorded under MTCrGL during the SR20 season. 
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Figure 4.10: Mean Phosphorus PPF (a & b) and PAE (c & d) under Different 

Treatments during SR20 and LR21 Cropping Seasons, Respectively 

Mean values with the same superscript letter(s) denote no significant difference at p < 

0.05; C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 

tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage 

+ maize residues + Tithonia diversifolia + goat manure, MT = minimum tillage, MTF = 

minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + 

inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic fertilizer + 

goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos 

lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat 

manure, hsd = honestly significant difference pooled error bar. 
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4.4.3 Available P under various ISFM technologies 

The treatments had significant effects on available P (Figure 4.11). Its highest value was 

recorded under MTCrGF. Generally, it was remarkedly higher by 64, 61, 56, 51, 50, 48 

and 39% under MTCrGF, CTCrGF, MTCrF, CTCrF, MTCrGL, CTF, and CTCrTiG, 

respectively, compared with the control. Similar amounts of available P were also 

observed under MTCrGF, CTCrGF, and MTCrF. Differences under MTCrGL, CTF, and 

CTCrTiG were insignificant. The other six treatments had comparable available P to the 

control.  

 

Figure 4.11: Available P under Treatments after 11 Cropping Seasons. 

Mean values with the same superscript letter(s) denote no significant difference at p < 

0.05; C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 

tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional 

tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage 

+ maize residues + Tithonia diversifolia + goat manure, MT = minimum tillage, MTF = 

minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + 

inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic fertilizer + 
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goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos 

lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat 

manure, hsd = honestly significant difference pooled error bar. 

4.5. Effects of Different ISFM Technologies on Maize Productivity 

The treatments recorded significant variations in relative chlorophyll content and Leaf 

Area Index (LAI) in all phenological stages (Error! Reference source not found.). D

uring the SR20 cropping season, the highest chlorophyll content was recorded under 

CTCrF and was 38% to 61% significantly higher under amended plots than the control at 

the 6th leaf stage. Besides CTCrF and CTF, chlorophyll differences under the remaining 

treatments were insignificant. At the 10th leaf stage, MTCrF, CTCrF, CTCrGF, CTF, 

CTCrTiG, and CTCrGL had exceptionally higher chlorophyll content than the control of 

37, 36, 33, 32, 31, and 30%, respectively. The highest chlorophyll was recorded under 

MTCrF, which also performed exceedingly well than MTCrTiR and MT. High 

chlorophyll content was also recorded under MTCrTiG, MTCrGF, MTF, CTCrTiR, 

MTCrGL, MTCrTiR, and MT, though it did not vary greatly from that of the control. The 

LAI at the 6th leaf stage was the highest under CTCrGL (68%) and also significantly 

higher under MTCrGL, CTCrF, MTCrGF, and CTCrGF by 67, 60, 49, and 48%, 

respectively, relative to the control. However, the contents under MTCrGL and CTCrF 

were comparable to CTCrGL. It was also high under MTF, CTF, MTCrF, CTCrTiG, 

MTCrTiG, MTCrTiR, and CTCrTiR, but similar to that under the control. At the 10th leaf, 

it was greater by 59% and 49% under CTCrGF and MTCrGF, respectively, compared to 

the control. The remaining treatments had a similar LAI as the control.  

The treatments also significantly affected chlorophyll content and LAI during the LR21 

season (Table 4.9). At the 6th leaf stage, the highest chlorophyll was recorded under MTF, 

which was 31% more than the control. Chlorophyll content was also considerably higher 

under CTF and MTCrGL than the control, by 25% and 23%, respectively. However, there 

was no significant increase in chlorophyll under the remaining treatments compared to the 



99 

control. The highest chlorophyll at the 10th leaf stage was under CTF, which was a 31% 

improvement from the control. Also, CTCrGF, MTF, CTCrF, and MTCrGL had markedly 

higher chlorophyll than the control by 28, 27, 27, and 21%, respectively, at the same 

growth stage. The differences in chlorophyll content under the remaining treatments and 

the control were insignificant. At the 6th leaf stage, the highest LAI was recorded under 

MTCrGL and CTCrGL, representing a 66% and 65% increase from the control, 

respectively. The LAI was also substantially higher under MTCrGF, MTCrF, and 

MTCrTiR than the control by 46, 44 and 39%, respectively. Conversely, insignificant 

differences in LAI under the other treatments compared to the control were recorded. At 

the 10th leaf stage, the greatest LAI resulted from CTCrGL and MTCrGL, which were 72 

and 69% higher than the control. Exceptionally higher LAI was also observed under 

MTCrGF, MTCrF, MTF, CTCrGF, MTCrTiG, CTCrF, and CTCrTiG (51, 51, 50, 48, 41, 

39, and 38%, respectively) compared to the control. However, it was significantly lower 

under CTF, CTCrTiR, MTCrTiR, and MT than CTCrGL and MTCrGL but comparable 

to the control.
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Table 4.9: Relative Chlorophyll Content and LAI at 6th and 10th Leaf Stages under Different Treatments during the 

SR20 and LR21 Seasons 

Treatment 

SR20  LR21 

Relative chlorophyll LAI  Relative chlorophyll LAI  

6th leaf 10th leaf 6th leaf 10th leaf  6th leaf 10th leaf 6th leaf 10th leaf 

SPAD values m2 m-2  SPAD values m2 m-2 

C 18.73e 28.10d 0.74d 2.10c  29.23d 33.47ef 0.77d 1.39f 

CTF  40.80ab 41.58ab 1.35bcd 2.12c  38.95ab 48.28a 1.06bcd 2.07bcdef 

CTCrF  47.97a 43.63ab 1.84ab 2.28c  35.70abcd 45.63abc 1.08bcd 2.29bcde 

CTCrGF  38.37bc 41.93ab 1.42bc 2.49c  36.77abcd 46.25ab 1.11bcd 2.69bcd 

CTCrGL 33.75bcd 40.23abc 2.29a 5.10a  32.25bcd 41.08abcde 2.20a 5.00a 

CTCrTiG 34.83bcd 40.63abc 1.14cd 2.63c  35.40abcd 37.47cdef 1.06bcd 2.26bcde 

CTCrTiR 32.68cd 36.60abcd 1.00cd 2.11c  30.05cd 38.08abcde 1.08bcd 2.03cdef 

MT  30.28d 29.80cd 0.72d 2.58c  29.30d 30.93f 0.94cd 1.86ef 

MTF  37.73bcd 38.13abcd 1.38bcd 2.43c  42.07a 45.90abc 1.25bcd 2.77bc 

MTCrF 34.97bcd 44.57a  1.34bcd 2.10c  35.98abcd 41.25abcde 1.37bc 2.82bc 

MTCrGF 32.00cd 39.08abcd 1.46bc 2.18c  35.65abcd 39.85abcde 1.42b 2.84b 

MTCrGL  33.60bcd 33.87abcd 2.24a 4.12b  37.73abc 42.25abcd 2.27a 4.49a 

MTCrTiG 34.50bcd 39.13abcd 1.12cd 2.59c  32.73bcd 36.90def 1.25bcd 2.35bcde 

MTCrTiR 31.03cd 32.70bcd 1.01cd 2.35c  34.18abcd 35.00def 1.26bc 1.92def 

hsd 7.49 11.67 0.68 0.90  8.13 8.46 0.48 0.80 

p value *** *** *** ***  *** *** *** *** 

Mean values with the same superscript letter(s) within the same column denote no significant difference at p < 0.05,  hsd = honestly significant difference, *** p < 

0.0001;C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = 

conventional tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT = 

minimum tillage (no amendments), MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + inorganic fertilizer, MTCrGF = minimum 

tillage + maize residues + inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock phosphate, MTCrGL = 

minimum tillage + maize residues+ goat manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat manure. 
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There were significant variations in Photosynthetically Table 4.10). Active Radiation 

(PAR) and Radiation Use Efficiency (RUE) among the treatments (During the SR20 

season, the highest PAR (76%) was recorded under MTCrGF at the 6th leaf stage. 

Similarly, MTCrF, CTF, CTCrTiG, CTCrGF, CTCrGL, CTCrTiR, MTF, CTCrF, MT, 

MTCrTiR, and MTCrTiG had remarkedly higher PAR of 75, 75, 74, 74, 72, 70, 68, 67, 

65, 64 and 57%, respectively, compared to the control. However, MTF, CTCrF, MT, 

MTCrTiR, and MTCrTiG significantly differed from the best-performing treatment 

(MTCrGF) but did not vary notably under MTCrGL and the control. At the 10th leaf, PAR 

was substantially higher under MTCrTiR, CTCrTiR, MTCrGL, CTCrGL, CTF, 

MTCrTiG, MTCrF, MTF, and CTCrTiG by 50, 50, 49, 48, 47, 45, 43, 40 and 40%, 

respectively. Only MTCrGF, CTCrGF, MT, and CTCrF recorded statistically the same 

PAR as the control. Apart from MT, PAR was 52% to 73% higher under the other 

amended treatments than under the control during the LR21 season at the 6th leaf. In the 

same season, PAR was 27% to 43% higher under the amended treatments, apart from 

MT, compared to the control at the 10th leaf stage. Significant higher PAR was also 

recorded under CTCrF, CTF, MTCrGL, and CTCrGL than under MTCrF and MTCrTiR.  

Grain RUE was significantly higher under CTCrGF, MTCrF, CTCrTiR, CTF, MTCrTiG, 

CTCrF, MTCrGF, CTCrTiG, and MTCrTiR than the control by 95, 93, 93, 93, 92, 92, 

92, 91 and 88%, respectively, during SR20 cropping season. However, it did not differ 

under CTCrGL, MTF, MTCrGL, and MT relative to the control. In the LR21 season, it 

was impressively higher under CTCrGL, MTCrGL, CTCrGF, CTF, MTCrGF, CTCrF, 

MTF, MTCrF, MTCrTiG, MTCrTiR, CTCrTiG, and CTCrTiR than the control by 80, 

79, 78, 77, 77, 74, 73, 72, 70, 67, 66 and 62%, respectively. Apart from MT, amended 

treatments had from 74% to 88% significantly higher stover RUE relative to the control 

during the SR20 season. In the LR21 cropping season, there was a significant increase in 

stover RUE of 63, 62, 59, 57, 54, 53, 51, 44, 43, 42, 34, and 33% under CTF, CTCrF, 

CTCrGF, MTCrGF, CTCrGL, MTCrGL, MTF, CTCrTiG, MTCrF, CTCrTiR, 

MTCrTiG, and MTCrTiR respectively compared to the control.  
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Table 4.10: PAR and RUE under Different Treatments during the SR20 and LR21 

Cropping Seasons 

Treatment 

SR20 LR21 

PAR (µ mol m-2) RUE (kg MJ-1) PAR (µ mol m-2) RUE (kg MJ-1) 

6th leaf 10th leaf Grain Stover 6th leaf 10th leaf Grain Stover 

C 0.09f 0.36d 0.03e 0.18f 0.16c 0.45d 0.24g 1.16f 

CTF  0.36ab 0.68a 0.41ab 1.20ab 0.47ab 0.78ab 1.05abc 3.10a 

CTCrF  0.27bcd 0.43d 0.37bc 1.14b 0.47ab 0.79a 0.92bcde 3.07a 

CTCrGF  0.34abc 0.47bcd 0.57a 1.49a 0.37b 0.71abc 1.10abc 2.81ab 

CTCrGL 0.32abc 0.69a 0.20cde 1.04bc 0.43b 0.74ab 1.21a 2.52bc 

CTCrTiG 0.35abc 0.60abc 0.35bc 1.32ab 0.44b 0.66bc 0.71ef 2.07cde 

CTCrTiR 0.30abcd 0.72a 0.43ab 1.37ab 0.46ab 0.71abc 0.63f 2.00de 

MT  0.26cd 0.46cd 0.06de 0.36ef 0.15c 0.44d 0.15g 0.80f 

MTF  0.28bcd 0.60abc 0.16de 1.15ab 0.44b 0.72abc 0.89cde 2.37bcd 

MTCrF 0.36ab  0.63ab 0.43ab 1.19ab 0.33b 0.62c 0.86cdef 2.04cde 

MTCrGF 0.38a 0.50bcd 0.36bc 1.14b 0.37b 0.68bc 1.03abcd 2.67ab 

MTCrGL  0.15ef 0.71a 0.13de 0.68de 0.45ab 0.74ab 1.15ab 2.49bcd 

MTCrTiG 0.21de 0.66a 0.37bc 1.17ab 0.41b 0.66bc 0.79def 1.77e 

MTCrTiR 0.25cd 0.72a 0.25bcd 0.73cd 0.60a 0.62c 0.73ef 1.73e 

hsd  0.10 0.16 0.19 0.34 0.15 0.12 0.25 0.51 

p values *** *** *** *** *** *** *** *** 

Mean values with the same superscript letter(s) within the same column denote no significant 

difference at p < 0.05,  hsd = honestly significant difference, *** p < 0.0001; C = Control, CTF 

= conventional tillage + inorganic fertilizer, CTCrF = conventional tillage + maize residues + 

inorganic fertilizer, CTCrGF = conventional tillage + maize residues + inorganic fertilizer + goat 

manure, CTCrTiR = conventional tillage + maize residues + Tithonia diversifolia + rock 

phosphate, CTCrGL = conventional tillage + maize residues+ goat manure + Dolichos lablab, 

CTCrTiG = conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT = 

minimum tillage (no amendments), MTF = minimum tillage + inorganic fertilizer, MTCrF = 

minimum tillage + maize residues + inorganic fertilizer, MTCrGF = minimum tillage + maize 

residues + inorganic fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + 

Tithonia diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 

manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia 

+ goat manure. 

The treatments significantly affected plant height except at the 6th leaf stage during the 

SR20 season (Table 4.11). In the SR20 cropping season, the tallest plants were recorded 

under CTCrGF, similar to MTCrGF and MTCrGL at the 10th leaf stage. Plants under these 

treatments were substantially taller than those in the control by 55, 54, and 52%, 



103 

respectively. The heights of plants under CTCrF, CTCrGL, CTCrTiR, CTCrTiG, CTF, 

MTCrF, MTCrTiG, and MTCrTiR similarly increased by 52, 50, 49, 48, 47, 46, 45, and 

44%, respectively, relative to the control. Plants under MTF and MT were not statistically 

taller than the control but were significantly shorter than those under CTCrGF, MTCrGF, 

and MTCrGL. In the LR21 season, only MTCrF and MTCrGL had 30 and 29% notably 

taller maize plants at the 6th leaf relative to the control. Apart from MT, maize height in 

the other amended treatments did not differ from those under MTCrF, MTCrGL, or 

control. At the 10th stage during the LR21 season, maize under MTCrF, CTCrGL, 

CTCrGL, CTCrGF, MTCrGF, CTCrTiR, CTF, and MTCrTiG at the 10th leaf stage was 

taller than under the control by 39, 36, 33, 31, 28, 24, 20 and 20%, respectively. However, 

maize height in MTF, CTCrF, MTCrTiR, CTCrTiG, and MT did not vary significantly 

from the control.  

Table 4.11: Mean Maize Height (cm) at Different Phenological Stages under 

Different Treatments during SR20 and LR21 Cropping Seasons 

Treatment 
SR20  LR21 

6th leaf 10th leaf  6th leaf 10th leaf 

C 13.44 35.63c  18.94bc 61.69ef 

CTF  19.69 67.06ab  21.31abc 77.25bcde 

CTCrF  20.94 73.94ab  21.00abc 74.19cdef 

CTCrGF  23.56 78.88a  23.38abc 88.81abcd 

CTCrGL 20.35 71.56ab  26.13ab 96.63ab 

CTCrTiG 25.63 68.88ab  20.88abc 73.00def 

CTCrTiR 20.38 69.75ab  20.63abc 81.13bcde 

MT  16.94 49.75bc  17.69c 56.06f 

MTF  21.25 50.31bc  21.25abc 75.13cdef 

MTCrF 24.44 66.31ab   27.19a 100.94a 

MTCrGF 21.19 76.88a  22.375abc 85.31abcd 

MTCrGL  22.19 74.88a  26.31a 92.75abc 

MTCrTiG 19.97 64.38ab  24.00abc 76.94cde 

MTCrTiR 20.88 63.88ab  23.06abc 73.19cdef 

hsd  15.85 24.49  7.20 19.57 

p value ns  ***  ** *** 

Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05, hsd = honestly significant difference at p < 0.05, ns = 
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not significant at p = 0.5454, ** p= 0.001, *** p < 0.0001; C = Control, CTF = 

conventional tillage + inorganic fertilizer, CTCrF = conventional tillage + maize residues 

+ inorganic fertilizer, CTCrGF = conventional tillage + maize residues + inorganic 

fertilizer + goat manure, CTCrTiR = conventional tillage + maize residues + Tithonia 

diversifolia + rock phosphate, CTCrGL = conventional tillage + maize residues+ goat 

manure + Dolichos lablab, CTCrTiG = conventional tillage + maize residues + Tithonia 

diversifolia + goat manure, MT = minimum tillage (no amendments), MTF = minimum 

tillage + inorganic fertilizer, MTCrF = minimum tillage + maize residues + inorganic 

fertilizer, MTCrGF = minimum tillage + maize residues + inorganic fertilizer + goat 

manure, MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock 

phosphate, MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos 

lablab, MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat 

manure. 

Grain and stover yields were significantly affected by the treatments during SR20 and 

LR21 seasons (Table 4.12). Grain yield was exceptionally higher under CTCrGF, 

MTCrF, CTCrF, MTCrGF, MTCrTiG, CTCrTiR, CTF, CTCrTiG, and CTCrTiR than 

under the control in SR20 season by 95, 93, 93, 93, 92, 92, 92, 92 and 88%, respectively. 

Variations in the yields under MTF, CTCrGL, MTCrGL, and MT were inconsiderable 

from the yield in the control. During LR21, apart from MT, the rest of the treatments 

greatly affected grain yield. Similarly, CTCrGF recorded the highest grain yield, which 

was 74% higher than the control. The other treatments; CTCrGL, MTCrGF, MTCrGL, 

CTF, MTCrF, CTCrF, MTF, MTCrTiG, CTCrTiG, MTCrTiR, and CTCrTiR, had higher 

yields than the control by 73, 71, 70, 69, 69, 66, 65, 64, 58, 55 and 49%, respectively. 

Conversely, CTCrF, MTF, MTCrTiG, CTCrTiG, MTCrTiR, and CTCrTiR had notably 

lower grain yields than the best-performing treatment (CTCrGF).  

Compared to the control, the amended treatments had a higher stover yield during SR20 

and LR21 cropping seasons. During the SR20 season, stover yield was the highest under 

CTCrGF, which was 88% higher than in the control. Stover yield was also substantially 

higher under CTCrF, CTF, CTCrTiG, MTCrGF, MTCrF, MTCrTiG, CTCrTiR, MTF, 

CTCrGL, MTCrGL, and MTCrTiR by 85, 85, 85, 84, 84, 84, 83, 83, 76, 73 and 73%, 
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respectively, relative to the control. However, CTCrGL, MTCrGL, and MTCrTiR had 

lower yields than the best-performing treatments. Compared to the control, only 

MTCrTiR and MT did not greatly increase the yield during the LR21 season. The stover 

yield was significantly higher by 51, 51, 50, 46, 38, 37, 37, 34, 32, 25, 23, and 39% under 

CTCrF, CTCrGF, CTF, MTCrGF, MTF, MTCrF, CTCrGL, MTCrGL, CTCrTiG, 

CTCrTiR, and MTCrTiG, respectively, compared to the control.  

Table 4.12: Maize Grain and Stover Yields under Different Treatments during SR20 

and LR21 Cropping Seasons 

Treatment 
Grain yield (t ha-1)  Stover yield (t ha-1) 

SR20 LR21  SR20 LR21 

C 0.15e 1.30f  1.02d 6.18f 

CTF 1.87bc 4.20abc  6.84b 12.39a 

CTCrF 2.24b 3.86bcd  6.90ab 12.66a 

CTCrGF 3.20a 4.90a  8.41a 12.55a 

CTCrGL 0.82de 4.72ab  4.20c 9.84bc 

CTCrTiG 1.81bc 3.12de  6.83b 9.11cd 

CTCrTiR 1.87bc 2.54e  6.05b 8.20de 

MT 0.36e 0.82f  2.17d 4.33g 

MTF 0.82de 3.74bcd  5.84b 9.97bc 

MTCrF 2.25b 4.13abc  6.27b 9.87bc 

MTCrGF 2.02b 4.41abc  6.48b 11.43ab 

MTCrGL 0.75de 4.31abc  3.78c 9.35cd 

MTCrTiG 1.99b 3.55cd  6.26b 7.97de 

MTCrTiR 1.29cd 2.90de  3.78c 6.85ef 

hsd 0.69 0.99  1.53 1.62 

p value *** *** 
 

*** *** 

Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05, hsd = honestly significant difference at p < 0.05,  *** p 

< 0.0001; C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = 

conventional tillage + maize residues + inorganic fertilizer, CTCrGF = conventional 

tillage + maize residues + inorganic fertilizer + goat manure, CTCrTiR = conventional 

tillage + maize residues + Tithonia diversifolia + rock phosphate, CTCrGL = 

conventional tillage + maize residues+ goat manure + Dolichos lablab, CTCrTiG = 

conventional tillage + maize residues + Tithonia diversifolia + goat manure, MT = 

minimum tillage (no amendments), MTF = minimum tillage + inorganic fertilizer, 
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MTCrF = minimum tillage + maize residues + inorganic fertilizer, MTCrGF = minimum 

tillage + maize residues + inorganic fertilizer + goat manure, MTCrTiR = minimum 

tillage + maize residues + Tithonia diversifolia + rock phosphate, MTCrGL = minimum 

tillage + maize residues+ goat manure + Dolichos lablab, MTCrTiG = minimum tillage 

+ maize residues + Tithonia diversifolia + goat manure. 

Using Nitrogen Nutrition Index (NNI), the study assessed if the aboveground maize 

production was limited by N stress. The results showed that maize production under the 

control and MT suffered from N stress during the LR21 cropping season (Error! R

eference source not found.). Generally, NNI varied significantly (p< 0.0001) among the 

treatments. Apart from MT, there was no N stress under the remaining treatments that 

had 68% higher NNI, on average compared to the control. The CTCrGF, MTCrGF, 

CTCrGL, MTCrGL, CTCrF, CTF, MTF, MTCrF, CTCrTiG, CTCrTiR, MTCrTiG, and 

MTCrTiR recorded 78, 77, 76, 76, 69, 68, 65, 64, 64, 63, 62, and 60% higher NNI, 

respectively, than the Control.  

If x ≤0.873:  y = 1.582 + 6.817*(x)

If x >0.873:  y = 1.582+ 6.817*(0.873) + ( 6.817 - 4.001)*(x-

0.873)

R
2
 = 0.590
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Figure 4.12: Segmented Linear Relationship between Maize Above-Ground 

Biomass (LR21 Season) and N Nutrition Index (NNI) 

The dotted and blue solid lines represent breakpoint regression line, respectively. 

2NNI greater than 1.0 indicated that crop biomass was not limited by its N status, while a 

value less than 1.0  showed biomass was limited by N stress (Mueller & Vyn, 2018). 

4.5.1 Soil Moisture Content 

The treatments significantly (p < 0.0001) influenced soil moisture content (SMC) at 

planting, on the 45th and 60th days after planting (DAP) during SR20 cropping season 

(Table 4.13). Generally, treatments with goat manure had the highest SMC across the 

season, followed by treatments that embraced Dolichos intercrop. Soil moisture content 

was exceedingly higher under MTCrGF, CTCrGL, MTCrGL, CTCrGF by 32, 30, 29, and 

29%, respectively, compared to the control at planting date. The effect of the remaining 

treatments was insignificant relative to the control. The SMC on the 45th DAP was 

substantially higher under MTCrGF, MTCrGL, CTCrGF, CTCrGL, and MTCrTiR by 30, 

28, 27, 26, and 22%, respectively than the control. The moisture recorded under the 

control was comparable to that recorded under the rest of the treatments. On the 60th day 

after planting, MTCrGF, CTCrGF, MTCrGL, CTCrTiG, CTCrTiR, MTCrTiR, 

MTCrTiG, CTCrGL, and MTCrF markedly increased SMC by 20, 19, 19, 17, 17, 17, 17, 

16, and 14% compared to the control. The other treatments had comparable SMC as the 

control. The treatments, however, did not significantly affect SMC on 15th, 30th, 75th, 90th, 

and 105th DAP at p = 0.469, 0.095, 0.256, 0.066, and 0.407, respectively. 
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Table 4.13: Cumulative Mean Soil Moisture Content (mm) from 0 - 20 cm soil depth 

under Various Treatments across Sampling Intervals during SR20 Cropping 

Season 

Treatment 
Days after planting 

0 15 30 45 60 75 90 105 

C 57.39c 61.83 61.36 49.12cd 52.12e 53.71 51.26 51.44 

CTF 63.12c 63.33 62.75 56.65abcd 55.00cde 53.16 51.52 50.69 

CTCrF 65.68c 62.75 59.76 57.07abcd 55.24bcde 53.32 51.71 50.98 

CTCrGF 80.51ab 65.14 68.44 67.20a 64.35a 53.78 52.96 51.53 

CTCrGL 81.76a 63.77 68.43 66.18ab 62.23abc 54.54 52.81 52.12 

CTCrTiG 67.29c 66 64.67 63.19abc 63.09abc 53.31 51.85 51.25 

CTCrTiR 67.13c 59.09 56.09 56.75abcd 62.69abc 53.4 51.81 50.95 

MT 60.58c 64.5 60.79 53.08bcd 52.95de 53.34 51.69 50.29 

MTF 64.48c 62.47 58.62 58.77abcd 55.58bcde 53.04 51.61 51.60 

MTCrF 66.37c 59.22 55.08 48.97d 60.90abcd 54.34 51.61 50.69 

MTCrGF 84.05a 70.49 70.14 69.98a 65.25a 53.68 53.01 51.32 

MTCrGL 81.23ab 63.29 68.86 67.83a 63.97ab 54.75 52.63 50.99 

MTCrTiG 62.73c 53.46 55.28 58.21abcd 62.50abc 53.60 51.61 51.71 

MTCrTiR 69.24bc 66.14 64.39 63.38ab 62.55abc 54.19 51.70 50.82 

hsd 12.39 20.45 17.17 14.12 8.74 2.36 2.19 2.37 

p value *** ns ns *** *** ns ns ns 

Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05, hsd = honestly significant difference at p < 0.05, ns = 

not significant, *** p < 0.0001. 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 

residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + 

maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 

residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 
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manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 

The treatments significantly (p < 0.0001) affected SMC at planting and on the 15th, 30th, 

45th, 60th, and 75th DAP during the LR21 cropping season (Table 4.14). Treatments 

integrating Dolichos lablab intercrop generally had the highest SMC followed by those 

with goat manure across the season. Compared to the control, SMC was remarkably 

higher by 24, 23, 21, and 19% under CTCrGL, MTCrGF, CTCrGF, and CTCrTiG, 

respectively, on the planting date. It was nevertheless, the same under the control and the 

remaining treatments. Whereas significantly higher SMC of 28, 24, 20, 19, and 19% was 

recorded under CTCrGL, MTCrGF, CTCrTiG, CTCrGF, and MTCrGL, respectively, the 

rest of the treatments had insignificant effect relative to the control on the 15th DAP. 

Compared to the control, only MTCrGF, CTCrGL, and CTCrGF, had higher SMC of 25, 

21, and 21%, respectively, on the 30th DAP. Similarly, only MTCrGF, CTCrGF, and 

MTCrF had significantly higher SMC of 33, 28, and 26%, respectively, than the control 

on the 45th DAP. On the 60th DAP, notably higher SMC of 29, 28, 25, 25, and 15% was 

recorded under MTCrGF, MTCrGL, CTCrGL, CTCrGF, and CTCrTiG, respectively, 

relative to the control. Soil moisture content greatly increased by 26% under MTCrGL, 

CTCrGL, and MTCrGF on the 75th DAP compared to the control. The treatments did not 

significantly affect SMC on the 90th and 105th DAP (p = 0.542 and 0.255, respectively) 

during the season. 
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Table 4.14: Cumulative Mean Soil Moisture Content (mm) from 0 to 20 cm Soil 

Depth under Various Treatments across Sampling Intervals during LR21 

Cropping Season 

Treatment 
Days after planting 

0 15 30 45 60 75 90 105 

C 53.64e 57.76e 65.40b 57.99bcd 61.01bc 55.56d 60.64 51.17 

CTF 57.24cde 62.60cde 64.72b 61.24bcd 63.71bc 59.13cd 61.8 52.44 

CTCrF 61.81abcde 63.51cde 64.68b 60.21bcd 63.44bc 59.45bcd 62.65 52.83 

CTCrGF 67.64abc 71.15abcd 82.71a 66.53abcd 80.84a 67.42abcd 63.28 54.3 

CTCrGL 70.52a 79.73a 83.22a 78.53a 81.65a 75.09ab 64.01 53.43 

CTCrTiG 66.60abcd 72.20abc 72.64ab 66.80abcd 71.90ab 66.28abcd 61.92 52.68 

CTCrTiR 57.65bcde 61.84cde 78.76ab 57.34cd 58.62bc 56.35d 62.66 50.98 

MT 54.39e 59.76de 65.57b 57.17cd 54.53c 66.14abcd 63.28 52.61 

MTF 55.44de 65.91bcde 72.26ab 60.79bcd 62.21bc 58.72d 63.26 53.46 

MTCrF 56.97cde 63.63cde 65.28b 53.00d 54.62c 60.16abcd 63.17 52.54 

MTCrGF 69.28ab 76.18ab 86.98a 71.91abc 85.80a 74.71abc 63.18 53.95 

MTCrGL 61.39abcde 71.05abcd 74.79ab 73.32ab 84.36a 75.41a 65.1 53.14 

MTCrTiG 56.06cde 58.01e 70.16ab 61.25bcd 61.58bc 61.90abcd 63.5 52.85 

MTCrTiR 64.87abcde 64.65bcde 63.89b 66.00abcd 69.45abc 66.65abcd 63.14 51.98 

hsd 11.67 11.90 16.89 15.80a 16.82 15.74 5.52 4.14 

p value *** *** *** *** *** *** ns ns 

Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05, hsd = honestly significant difference at p < 0.05,  ns = 

not significant, *** p < 0.0001. 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 

residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + 

maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 

residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 
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manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure.  

4.5.2 Water Productivity  

The treatments significantly affected grain and stover water productivity (WP) during 

SR20 and LR21 cropping seasons (Error! Reference source not found.). Grain WP was r

emarkedly higher by 88, 82, 82, 81, 80, 80, 79, 79, and 70% under CTCrGF, MTCrF, 

CTCrF, MTCrGF, MTCrTiG, CTCrTiR, CTCrTiG, CTF and MTCrTiR, respectively, 

than the control during SR20 season. However, MTCrGL, MTF, CTCrGL, and MT 

recorded similar grain WP to the control. During LR21, apart from MT, the other 

treatments; CTCrGF, CTCrGL, MTCrGF, MTCrGL, CTF, MTCrF, CTCrF, MTF, 

MTCrTiG, CTCrTiG, MTCrTiR, and CTCrTiR, had substantially higher grain WP than 

the control by 74, 73, 71, 70, 70, 69, 67, 66, 64, 59, 56 and 50%, respectively. Grain WP 

under CTCrGF, CTCrGL, MTCrGF, MTCrGL, CTF, and MTCrF was exceptionally 

higher than WP under TillCrTiG, NoTillCrTiR, and TillCrTiR. Except MT during the 

SR20 season, stover WP was 88, 85, 85, 85, 84, 84, 83, 83, 82, 76, 72, and 72% higher 

under CTCrGF, CTCrF, CTCrTiG, CTF, MTCrGF, MTCrF, MTCrTiG, CTCrTiR, MTF, 

CTCrGL, MTCrGL, and MTCrTiR, respectively, than under the control. Conversely, 

stover WP was markedly lower under CTCrGL, MTCrGL, and MTCrTiR compared to 

the other best-performing treatments. Stover WP was exceedingly higher than under the 

control by 52, 51, 51, 47, 38, 38, 38, 34, 33, 25 and 23% under CTCrF, CTCrGF, CTF, 

CTCrGF, CTCrF, CTF, CTCrGL, MTCrGL, CTCrTiG, CTCrTiR, and MTCrTiG, 

respectively.  

Similarly, the treatments significantly (p < 0.0001) affected consumptive water use (Et) 

during SR20 and LR21 cropping seasons (Table 4.15). Consumptive water use was 

slightly reduced by 18.25, 17.19, and 15.39 mm under CTCrGF, CTCrGL, and MTCrGF 

compared to the control during SR20 season. The highest Et was recorded under MT, 

followed by the control. Similarly, the highest Et was recorded under MT followed by 

MTF and the control during LR21. Compared to the control, Et was marginally lower by 

11.46, 10.71, and 9.49 mm under CTCrTiG, MTCrGF, and CTCrGL, respectively, during 

the same season. 
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Table 4.15: Maize grain and Stover Water Productivity and Consumptive Water 

Use under Different Treatments during SR20 and LR21 Cropping Seasons 

Treatment 

SR20   LR21  

Grain Stover Et  Grain Stover Et 

kg m-3 mm  kg m-3 mm 

C 0.01e 0.08e 781.42a  0.16f 0.77fg 1302.04abc 

CTF 0.14bc 0.53ab 778.56ab  0.54abc 1.58a 1299.70abcd 

CTCrF 0.17b 0.53ab 772.36abc  0.49bcd 1.59a 1295.52abcde 

CTCrGF 0.25a 0.65a 763.17bc  0.62a 1.58a 1291.16bcde 

CTCrGL 0.06de 0.33c 762.69bc  0.60ab 1.24bc 1287.41e 

CTCrTiG 0.14bc 0.53ab 774.12ab  0.39de 1.15cd 1290.58cde 

CTCrTiR 0.15bc 0.47b 775.93ab  0.32e 1.03cde 1297.83abcde 

MT 0.03e 0.17de 781.90a  0.10f 0.55g 1302.72a 

MTF 0.06de 0.45b 780.36a  0.47cd 1.25bc 1302.52ab 

MTCrF 0.17b 0.49b 771.79abc  0.52abc 1.25bc 1300.07abcd 

MTCrGF 0.16b 0.51b 756.23c  0.56abc 1.44ab 1289.17de 

MTCrGL 0.06de 0.29c 766.26abc  0.54abc 1.17cd 1296.26abcde 

MTCrTiG 0.15bc 0.48b 776.07ab  0.45cd 1.00de 1301.29abc 

MTCrTiR 0.10cd 0.29cd 775.41ab  0.36de 0.86ef 1291.61abcde 

hsd 0.05 0.12 16.575  0.12 0.23 11.48 

p values *** *** ***  *** *** *** 

Mean values with the same superscript letter(s) within the same column denote no 

significant difference at p < 0.05, hsd = honestly significant difference, *** p < 0.0001. 

C = Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional 

tillage + maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize 

residues + inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize 

residues + Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + 

maize residues+ goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize 

residues + Tithonia diversifolia + goat manure, MT = minimum tillage (no amendments), 

MTF = minimum tillage + inorganic fertilizer, MTCrF = minimum tillage + maize 

residues + inorganic fertilizer, MTCrGF = minimum tillage + maize residues + inorganic 

fertilizer + goat manure, MTCrTiR = minimum tillage + maize residues + Tithonia 

diversifolia + rock phosphate, MTCrGL = minimum tillage + maize residues+ goat 
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manure + Dolichos lablab, MTCrTiG = minimum tillage + maize residues + Tithonia 

diversifolia + goat manure. 
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CHAPTER FIVE 

DISCUSION OF RESULTS 

5.1 Introduction 

The Chapter presents the discussions of the results of the study per objectives. It discusses 

the effects of integrated soil fertility management technologies on; 1) microbial biomass 

C, N, and P, 2) N mineralization, partial factor productivity, and apparent N recovery, 3) 

simulation of soil N mineralization, 4) phosphorus fractions, degree of saturation, 

maximum sorption capacity, use efficiency, and legacy, and 5) maize yield, soil moisture 

content, and water productivity. The discussions are compared and validated with other 

studies. 

5.1.1 Effects of Treatments on Soil Microbial C, N, and P, and MBC:MBN and 

MBC: MBP  

The high MBC, MBN, and MBP under various treatments that integrated organic 

amendments reflected the effect of the quality and quantity of organic materials entering 

the soil. Such treatments could have enhanced substrate richness and therefore influenced 

microbial community and activities (Shrestha et al., 2019). The quality and quantity of 

organic inputs have been found to influence soil microbial biomass (Kiboi et al., 2018). 

Further, the treatments could have increased C input into the soil thus the observed high 

biological elements. Positive correlations between organic C and microbial C, N, and P 

have also been observed by Susanne & Tabatabai (2017).  

5.1.2 Influence of Different Treatments on MBC 

Integrating manure and Dolichos lablab intercrop (CTCrGL and MTCrGL) resulted in 

the highest MBC concentrations compared to the control (Error! Reference source not f

ound.). This finding is attributed to the positive interaction between the goat manure and 

legume intercrop that could have increased soil organic carbon. A short-term study also 

reported a similar finding (Kiboi et al., 2018), where significantly higher MBC was 

observed under combined crop residue, manure, and Dolichos lablab intercrop. In the 
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current study, the Dolichos and the residues may have resulted in increased availability 

of N-fixing micro-organisms and moisture retention leading to the high MBC. This 

finding corroborates the results of another study that found high MBC under Dolichos 

and residue retention (Shrestha et al., 2019). Manure in the integrated system could have 

also contributed to a lower C: N ratio that favoured microbial activity and MBC 

concentration. Similarly, Das et al. (2023), attributed increased MBC under manure 

treatment to a narrow C: N ratio. 

T. diversifolia could have positively interacted with manure (CTCrTiG and MTCrTiG) 

and rock phosphate (CTCrTiR and MTCrTiR), resulting in increased MBC than in the 

control (Error! Reference source not found.) through increased organic carbon input. O

ther studies have illustrated increased organic carbon under T. diversifolia (e.g., Dahunsi 

et al., 2017 ). Moreover, T. diversifolia probably triggered activities of soil 

microorganisms allelopathy (Dahunsi et al., 2017; Tongma & Kobayashi, 2019), resulting 

to the observed higher MBC. Combining crop residues and T. diversifolia could have 

lowered the C: N ratio and improved the quality of substrates to the microbial population 

leading to increased MBC. This finding agrees with Tongma & Kobayashi (2019), who 

ascribed the increased soil microbial biomass (SMB) to a decreased C: N ratio when 

maize residue was mixed with T. diversifolia. Phosphorus nutrition through CTCrTiR and 

MTCrTiR could have improved the quality of the soil and improved P-solubilizing soil 

micro-fauna reflected in the high MBC concentrations. Akin to this study, Gaind & 

Pandey (2006) attributed the increase in MBC to P nutrition via rock phosphate, while 

other researchers have found abundant phosphate-solubilizing microbes under rock 

phosphate treatments (Qarni et al., 2021). 

Contrary to the findings of Kiboi et al. (2018), applying sole inorganic fertilizer (CTF and 

MTF) or combined with residues (CTCrF and MTCrF) had higher MBC than the control 

in this study. While this difference could be due to variations in experiment duration and 

time of sampling, other studies have also reported increased microbial abundance and 

organic carbon under inorganic fertilizer applications (Huang et al., 2021), which could 

have translated to high MBC. In this study, the influence of inorganic N fertilizers (NPK 

and CAN applied at planting and topdressing, respectively) could have been through their 
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impact on the bacterial residue to contribute to organic carbon. Hu et al. (2023) also 

observed an improved contribution of bacterial residue to organic carbon owing to 

inorganic N fertilization. In addition to creating a suitable micro-climate (soil moisture 

conservation and regulating soil temperature) for the soil microbes, residues under CTCrF 

and MTCrF could also have increased substrate to the micro-organisms leading to the 

relatively high MBC. A similar finding was reported by Zhu et al. (2023), in which 33 % 

of maize stover retention improved microbial growth and MBC. Abbasi & Khizar (2012) 

also reported high MBC values under combined residue retention and inorganic fertilizer. 

Microbial biomass carbon concentrations were also higher under treatments that 

combined inorganic fertilizer with goat manure (MTCrGF and CTCrGF). This could be 

linked to a synergy between the inorganic fertilizer and the goat manure on the 

bioavailability of nutrients and the general influence of manure on soil properties that 

favour the growth of soil microbes. The quality of applied manure significantly influences 

soil quality and nutrient availability to microorganisms (Ghosh et al., 2020). The finding 

is consistent with the results of Kiboi et al. (2018), who similarly reported higher MBC 

under a combined inorganic and organic amendment. Mangalassery et al. (2019) also 

reported enhancement in MBC due to integrating inorganic fertilizer with organic 

manure. The application of sole organics and their integration with inorganic fertilizers 

also had higher MBC in a study conducted by Ghosh et al. (2020). 

5.1.3 Influence of Different Treatments on MBN 

Microbial biomass nitrogen  (MBN) in this study could have been sensitive to factors that 

affected the size of Soil Microbial Biomass (SMB), such as soil pH, amount of Soil 

Organic Matter (SOM), and fertilization (Susanne & Tabatabai, 2017), among others. It 

could have also been boosted by increased N inputs from the treatments where N seldom 

limited microbial growth. It was observed that MBN was only significantly higher under 

sole organic amendments (MTCrTiG, MTCrGL, CTCrTiG, CTCrGL, MTCrTiR, 

CTCrTiR) or combined with inorganic fertilizer (CTCrGF, and MTCrGF; Error! R

eference source not found.). The results support the earlier findings of Kiboi et al. 

(2018), who also reported higher MBN under either sole organics or integrated with 

inorganic fertilizer. Furthermore, such integrated approaches could have increased N 
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input in the soil, and enhanced substrate quantity and quality, thus promoting the growth 

and activities of enzymes involved in N assimilation (Cardarelli et al., 2023). The results 

align with the findings of Abbasi & Khizar (2012), who also reported higher MBN under 

co-application of urea, crop residue retention, and poultry manure. 

The high concentration of MBN under treatments that integrated manure and Dolichos 

intercrop (CTCrGL and MTCrGL) may also be due to increased N-fixing microbes. 

Consistent with the findings of a short-term study, the highest MBN concentration was 

similarly recorded under combined residues retention, manure, and Dolichos intercrop 

(Kiboi et al., 2018). Shrestha et al. (2019) also found increased MBN under Dolichos 

used as green manure. In this study, goat manure could have raised the need for additional 

organic molecules to be oxidized by N-fixing microorganisms to obtain energy 

(Cardarelli et al., 2023). The enhanced MBN could be explained by the possible maize-

Dolichos interspecific interactions that may have increased the SMB network's stability 

and improved functions (Li et al., 2023). 

Application of sole inorganic fertilizer (CTF and MTF) or in combination with crop 

residues (CTCrF and MTCrF) did not substantially influence MBN relative to the control. 

The protonation of Calcium Ammonium Nitrate (CAN) during the nitrification process 

could have further lowered soil pH (Appendix VII), thus, inhibiting the growth and 

activities of the SMB. A similar finding was reported by Ghosh et al. (2020), in which 

the application of inorganic fertilizer per farmers’ practice did not significantly affect 

MBN. Long-term application of inorganic N fertilizers has been reported to have a 

negative impact on SMB and its elemental properties (Yang et al., 2022). 

5.1.4 Influence of Different Treatments on MBP 

The treatments with organic amendments (CTCrGF, MTCrGF, MTCrTiG, MTCrTiR, 

CTCrTiR, and CTCrTiG) in this study (Error! Reference source not found.) could have i

ncreased readily available carbon, which might have stimulated high amounts of P uptake 

among soil microbes. Crop residues, goat manure, T. diversifolia, and rhizodeposition 

promoted an ample supply of Soil Organic Carbon (SOC), thus stimulating the growth 

and activity of SMB, leading to higher MBP, as was also noted by Ghosh et al. (2018). 
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The addition of inorganic P through NPK and TSP fertilizers under CTCrGF and 

MTCrGF may have increased the abundance of inorganic P-cycling microbes (Liao et al., 

2023), leading to the observed high MBP.  

The higher MBP concentrations recorded under CTCrTiR and MTCrTiR may be because 

of the increase in P-solubilizing microbes that breaks down rock phosphate. Bolo et al. 

(2021) reported an increased abundance of SMB and P solubilizers. Microbial 

solubilization of rock phosphate nourishes soil microbes with P. It could have been aided 

by organic substances released during the decomposition of T. diversifolia and maize 

residues. Positive interaction between T. diversifolia and phosphate-solubilizing 

microorganisms probably enhanced P availability to the soil microbes. This finding 

agrees with the result of another study that also reported increased MBP under rock 

phosphate-treated compost (Meena & Biswas, 2015). 

A negative effect of long-term application of inorganic N fertilizer on soil pH and low 

substrate availability could have explained the non-responsiveness of MBP under 

treatments consisting of sole inorganic fertilizer (CTF and MTF) or in combination with 

maize residues (CTCrF) (Ghosh et al., 2020). Reductions in P solubilizing microbial 

abundance under sole inorganic fertilizers have been reported in another study (Bolo et 

al., 2021). The reason why CTCrGL and MTCrGL did not significantly influence MBP 

in comparison to the control could be because of the microbial-crop competition for 

limited soil P. The competition could have inhibited the growth and activity of phosphate-

solubilizing microorganisms. Similar to the finding, Ghosh et al. (2020) also reported 

lower MBP under a nutrient-exhaustive cropping system (soybean-wheat system) 

compared to a soybean-chickpea system.  

5.1.5 Influence of Different Treatments on MBC: MBN and MBC: MBP Ratios 

The average ratio of MBC to MBN of 6.19, under the treatments that significantly 

influenced the ratio (Figure 4.1), was within the 5.2 to 6.7 range of most soils (Susanne 

& Tabatabai, 2017). Fungal isolates could have dominated MBC: MBN ratio under 

CTCrGL and MTCrGL as the values were above 7.0. Phosphorus addition through goat 

manure may have increased fungal biomass (Chen & Xiao, 2023). This is supported by a 
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global meta-analysis study that found an abundance of fungi under intercrop systems 

(Morugán-Coronado et al., 2022). Bacterial isolates could have dominated the remaining 

treatments because ratios were below 7.0. Microbial biomass C: N range between 3 to 6 

under bacterial isolates and 7 to 12 in fungal isolates (Jenkinson & Polvlson, 1974; 

Marumoto, 1984). 

The slightly lower MBC: MBN ratios under CTCrGL, MTCrGL, MTCrGF, and CTCrGF 

could be ascribed to greater immobilization by soil microbes than N availability through 

mineralization. The result could also be partly attributed to the diminishing 

decomposition of organic carbon. The result agrees with the finding of Abbasi & Khizar 

(2012), who reported a lower MBC: MBN ratio under poultry manure compared with 

inorganic fertilizer and crop residue retention. Also, the relatively lower MBC: MBN 

ratios under CTCrTiR, MTCrTiR, CTCrTiG, and MTCrTiG could be due to the greater 

availability of N through the mineralization process than immobilization by microbes. 

While supporting their results, Sabahi et al. (2010) attributed the high MBC: MBN ratios 

in plots under purely organic amendments to changes in microbial community 

composition. 

The low MBC: MBN ratios under the sole application of inorganic fertilizers (CTF and 

MTF) or in combination with maize residues (CTCrF and MTCrF) may have resulted as 

a result of readily available N from the inorganic N fertilizers. In another study, MBC: 

MBN ratio was also found to be lower under integrated inorganic fertilizers and organic 

amendments or sole organic and inorganic fertilizers (Sabahi et al., 2010). On the other 

hand, the significant variations in MBC to MBP ratio under MTCrGL, CTCrGL, 

CTCrTiG, CTCrTiR, MTCrTiR, MTCrTiG, CTCrGF, and MTCrGF could be attributed 

to increased input of high-quality litter (goat manure and T. diversifolia). The result is 

consistent with those of Kooch et al. (2019), who attributed the high MBC: MBP ratio to 

the quality of the added litter. The comparatively lower MBC: MBP values under CTF 

and MTF could be linked to reduced organic carbon  (Mooshammer et al., 2014) and 

increased bioavailable P. 
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5.1.6 Effect of Tillage on Microbial C, N and P 

The high concentrations of microbial C, N, and P in MT-treated plots (MTCrGL, 

MTCrTiR, MTCrGF, MTCrTiG, MTF, and MTCrF for microbial biomass carbon, 

MTCrTiG, MTCrGL, MTCrTiR, and MTCrGF for microbial biomass nitrogen, and 

MTCrGF, MTCrTiG, and MTCrTiR for MBP) in Table 4.1 was probably a result of 

improved soil physical aggregate stability. The results corroborate the findings of a study 

in which reduced tillage conditioned with crop residues increased MBC in Western Kenya 

and was attributed to improved aggregate stability (Bolo et al., 2023). Microbial biomass 

P and abundance of P solubilizers also increased under reduced tillage with residues 

addition in a study by Bolo et al. (2021). Similar to increased microbial C, N, and P under 

MT amended with organic materials, Morugán-Coronado et al. (2022) reported increased 

total SMB, which could translate to higher microbial C, N, and P. Microbial biomass N 

was higher under MTCrF but was not markedly affected by CTCrF. This could be 

associated with relatively lower MBC: MBN that may have suppressed the loss of N and 

better MBN assimilation under MT in the presence of readily accessible N (Biswas et al., 

2019). 

Significantly higher microbial biomass C, N, and P under conventional tillage (CTCrGL, 

CTCrTiG, CTCrTiR, CTCrGF, CTCrF, and CTF for MBC, CTCrTiG, CTCrGL, and 

CTCrGF for MBN and CTCrGF, CTCrTiR, and CTCrTiG for MBP was probably 

because of the increased active microbes. According to Zuber & Villamil (2016), soil 

microbes are more active under CT than under MT. This could be because tillage may 

have improved soil aeration and mediated oxygen circulation to microbial activity sites. 

Moreover, tilling plots and retaining residues could have redistributed carbon and altered 

the microbial community and turnover (Kabiri et al., 2016). 

5.1.7 Response of NH4-N to Various Treatments 

Mineralization of NH4˗N was rapid in the first 15 DAP, then decreased in the subsequent 

sampling dates during the SR20 season (Table 4.2), which could be ascribed to the 

priming effect of adding N into the soil. Furthermore, intra-season rainfall fluctuations 

could have explained the variations in the NH4˗N pattern as they may have affected 
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moisture availability to microbes and altered ecosystem functioning (Wallenstein & Hall, 

2012). Ammonium-N was higher at the start of the LR21 season than at the beginning of 

the SR20 season due to the higher rainfall received during the LR21 season (Figure 3.2), 

highlighting the effect of rainfall change on the N mineralization process. This high 

rainfall could have promoted the rapid conversion of ammonia to nitrates (Nitrification 

process) thus, explaining the differential patterns at the start of the two seasons. 

The NH4˗N was low, and variations were insignificant between the 60th and 90th DAP 

during the SR20 season. The result can partly be attributed to a change in the quality of 

litter to more recalcitrant materials and microbial community (Song et al., 2016). On the 

other hand, there could have been net denitrification on the 105th DAP during the SR20 

and from the 60th to 90th DAP during the LR21 season among the treatments resulting in 

significant changes in NH4˗N. This finding further underscores the effect of rainfall 

through its influence on soil moisture in the mineralization process. 

The exceptionally higher NH4˗N under sole organic amendment treatments (MTCrGL, 

MTCrTiG, CTCrTiG, CTCrGL, CTCrTiR, and MTCrTiR) could be due to possible 

increased N via organic matter accumulation and improved microbial activity. Consistent 

with the present result, Cassity-Duffey et al. (2020) attributed enhanced net N 

mineralization under organic amendments to improved microbial activity due to organic 

matter accumulation. Integrating inorganic fertilizers and organic amendments under 

MTCrGF and CTCrGF could have lowered soil C: N and promoted the ammonification 

process. Goat manure may have increased NH4˗N through increased aggregate-protected 

and unprotected carbon fractions (Ashraf et al., 2022), while inorganic fertilizers could 

have provided readily available N. The result agrees with Wu et al. (2021), who reported 

higher NH4˗N under straw retention combined with inorganic fertilizers and cattle 

manure. Also, Tao et al. (2017) attributed higher NH4˗N to the influence of ammonia-

oxidizing archaea and bacteria under a combination of inorganic fertilizers and cattle 

manure. 

Sole application of inorganic fertilizers (MTF and CTF) or in combination with maize 

residues (MTCrF and CTCrF) may have enhanced NH4˗N mineralization by regulating 

biomass accumulation and bacterial community. Similarly, Wu et al. (2021) ascribed the 
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increased NH4˗N under sole inorganic fertilization to its influence on bacterial 

community and biomass production. Moreover, maybe Dolichos in the MTCrGL and 

CTCrGL treatments promoted nodulation and the population of N-fixing bacteria such as 

Rhizobia, Azotobacter, and Bacillus, among others, thus the observed higher NH4˗N. A 

review by Huiling et al. (2022) illustrates the influence of legume intercrop on N-fixing 

microbes through exudates.  

5.1.8 Response of NO3-N to Different Treatments 

Intra and inter-seasonal rainfall variabilities similarly influenced the nitrification process 

as NO3-N concentration during the earlier DAP in the SR20 season was low in all the 

treatments and increased during the later days of the season (Table 4.3). Meanwhile, 

NO3-N was high at the start of the LR21 season and low at the later stage. The differential 

NO3-N concentrations during the two seasons in the present study could be due to 

ammonification-nitrification processes regulated by rainfall. The finding supports the 

results of another study that reported spatial and seasonal differences in ammonification-

nitrification processes (Xie et al., 2022). Ammonification was higher than nitrification on 

the 15th DAP in the SR20 season, while it was lower than ammonification on the same 

day during the LR21 season, possibly due to the effect of in-season rainfall events. Arce 

et al. (2018) found higher NH4˗N in wetter conditions and lower NO3-N as influenced by 

rainfall amounts and occurrence. 

Similar to NH4˗N, the significant influence of MTCrGL, MTCrTiG, CTCrTiG, CTCrGL, 

CTCrTiR, and MTCrTiR can be linked to increased N and microbial activity. Both T. 

diversifolia and goat manure contained easily mineralizable N and could have promoted 

the activity of nitrifying microbes. According to Ali et al. (2021) study, manure 

application substantially improved the net nitrification rate due to enhanced nitrite-

oxidizing bacteria in the soil. Maize-Dolichos interaction under the intercrop (MTCrGL 

and CTCrGL) may have also increased nitrifiers' diversity, resulting in great NO3-N 

(Huiling et al., 2022). Under MTCrGF and CTCrGF, the inorganic fertilizers could have 

enhanced the diversity and abundance of nitrifiers, while the manure could have changed 

the community structure of the microbes. Abundant Nitrospira and Nitrosomonas 

promoted rapid nitrification under manure application in a study by Zhang et al. (2016). 
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Applying inorganic fertilizers (CTF, MTF, CTCrF, and MTCrF) could have promoted 

ammonia-oxidizing bacteria. Rudisill et al. (2016) found a positive correlation between 

ammonia-oxidizing bacteria and potential nitrification activity. Another study also 

reported that ammonia-oxidizing bacteria promoted nitrification under inorganic fertilizer 

(urea) treatment (Zou et al., 2022). 

5.1.9 Total Mineralized N as Influenced by Different Treatments 

Total mineralized N (MN; (Table 4.4) showed the same seasonal and DAP patterns as 

NH4˗N and NO3-N. Generally, the N nitrification rate was reduced with low rainfall 

frequency (Zhang et al., 2020), and ammonification increased with increased soil wetting 

via rainfall (Arce et al., 2018). In addition to rainfall, the contribution of either NH4˗N or 

NO3-N to the total MN could have been influenced by competitive or synergetic 

metabolism among soil microbes that could have altered operational conditions and the 

contents of substrates (Zhu et al., 2021). Nevertheless, N mineralization, as influenced by 

the treatments largely showed no clear trend. This observation has also been reported in 

another study (Kiboi et al., 2020). The effects of the treatments on increased mineral N 

can partly be attributed to increased MBN (Table 4.1) due to the positive correlation 

between these parameters. Liu et al. (2017) found rapid MBN turnover and greater 

mineralization potential that contributed to traceable mineral N.  

Akin to the finding of Lazicki et al. (2020), MN was significant and variable under 

MTCrGL, MTCrTiG, CTCrTiG, CTCrGL, CTCrTiR, and MTCrTiR which was possibly 

caused by increased organic N. Similarly, Li & Li (2014) found exceedingly higher N 

mineralization under different types of animal manure which positively related with 

organic N. Manures differ in the chemical and physical properties which profoundly 

affect N mineralization in a study by Mubarak et al. (2010). Similar to the present study 

(MTCrGL and CTCrGL), Xu & Qiu (2018) also reported greater gross and net organic N 

mineralization and gross immobilization of inorganic N under the intercropping system. 

The improved MN under MTCrGF and CTCrGF is consistent with the finding of 

Mohanty et al. (2013), who reported remarkably higher MN under a combination of NPK 

and manure, which was ascribed to improved soil physical properties. 
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Rock phosphate in MTCrTiG and CTCrTiG could have influenced the increase of MN 

through lowering litter C: N. The finding agrees with Tapiwa et al. (2018), who reported 

lower final C: N of litter following the application of rock phosphate. Phosphorus addition 

has been shown to affect the respiration of SMB, which affect nitrification and 

denitrification processes. Inorganic fertilizers under CTF, MTF, CTCrF, and MTCrF 

could have mineralized soil native N. Liu et al. (2017) found that inorganic fertilizers 

tended to enhance the mineralization of soil native N. The low quantity and quality of 

organic carbon may explain the instances where MN was not significantly increased 

under CTF, MTF, CTCrF, and MTCrF relative to the control. The low quality of organic 

carbon may have limited the amount of energy available for soil microbes, thus the low 

mineral N.  

5.1.10 Effect of Tillage on N Mineralization 

Conventional tillage (CT) could have enhanced MN under CTCrF, CTCrTiG, CTCrGF, 

CTCrGL, and CTCrTiR by raising soil pH, thus, favouring microbial activities. Evidence 

from a past study showed lower soil acidity under CT (Thapa et al., 2023). Moreover, this 

tillage system could have affected soil microbes through better distribution of soil organic 

carbon (SOC). Kheyrodin and Antoun (2011) found that CT amended with manure had a 

higher N mineralization rate and potential mineralizable N. In another study by Li et al. 

(2015), CT promoted the dominance of ammonia-oxidizing bacteria rather than 

ammonia-oxidizing archaea, which promoted rapid nitrification. The addition of wheat 

straw resulted in a 40% to 80% increase in NH4˗N but decreased NO3-N by 60% to 93% 

under CT in a study by Liu et al. (2021). Soil N-mineralizing microbes may have been 

better nourished by the addition of goat manure (CTCrGF and CTCrGL) which could 

have altered organic carbon and P storage (Oliveira et al., 2022) and influenced microbial 

community structure (Li et al., 2022).  

Minimum tillage could have increased mineralizable N under MTCrF, MTCrTiG, 

MTCrGF, MTCrGL, MTCrTiR, and MT through its impact on soil pH and microbial 

activity. The result corroborates the findings of Vazquez et al. (2019), who attributed the 

significantly higher MN to the impact of minimum tillage on SOC and microbial activity 

and the impact of organic amendments on reducing soil pH. Other studies have also 
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reported an increase under various reduced tillage systems with residue retention (e.g., 

Pecci et al., 2021). Martínez et al. (2017) linked the increased soil organic N under 

reduced tillage to the enhanced MN. Amending conservation tillage with inorganic 

fertilizer or poultry manure also increased ammonia-oxidizing archaea and bacteria, 

which was positively associated with improved N mineralization in a study by Cabrera 

(2016).  

5.1.11 Effects of Different Treatments on N Concentrations in Plant Tissues 

The higher concentration of N (N uptake) under treatments that integrated goat manure 

(CTCrGF and MTCrGF) (Figure 4.2) could be due to the increased availability of 

particulate organic matter N from maize residues and goat manure. Probably, the increase 

of organic matter N from this treatment could be attributed to the goat manure. The result 

supports the finding of Geng et al. (2019), who reported increased maize N uptake under 

the chicken and cow manure. The increase in plant tissue N concentration could have also 

resulted from a synergetic interaction between inorganic fertilizers and goat manure 

(Otieno et al., 2021; 2023). Inorganic N may have accelerated the mineralization of 

manure while manure, in turn, could have improved the uptake of inorganic N. qbal et al. 

(2019) also reported increased N concentration in maize tissues under combined 

inorganic fertilizers and manure. Zhihui et al. (2016) attributed the improved N 

concentration to combining N and P inorganic fertilizers with manure to stimulate root 

growth. 

Dolichos-integrated treatments (CTCrGL and MTCrGL) may have increased N 

concentration through biological fixation (Massawe et al., 2016). Additionally, Dolichos 

could have contributed to the N concentration by; 1) acting as a cover crop and reducing 

N loss through soil erosion, 2) its roots may have decomposed and released N, which 

became available for the subsequent crops (Massawe et al., 2016), and 3) the roots could 

have relocated N in the deep zones to near soil surface zone making it available for maize 

uptake (Nyawade et al., 2020). Sitienei et al. (2017) also found increased N concentration 

in Maize-Dolichos intercrop systems. Maize residues could have provided additional N 

and improved soil physical conditions, thus enhanced N cycling and increasing N uptake 

by the maize crop. 
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T. diversifolia applied under CTCrTiG, CTCrTiR, MTCrTiG, and MTCrTiR contained 

substantial amounts of N (3.80% N) that were possibly mineralized and taken up by the 

maize. This shrub has a high nutrient absorption capacity and nutrient contents (Dahunsi 

et al., 2017). In addition to releasing labile P, T. diversifolia could have released organic 

acid that solubilized Rock Phosphate and reduced P fixation (Margenot et al., 2017). The 

released P could have enhanced root development and promoted N uptake by maize. On 

the other hand, the enhanced concentrations of N on plant tissues under CTCrF, CTF, 

MTF, and MTCrF probably was because of the readily available inorganic N, which 

maize crops easily accessed and absorbed. This finding agrees with Mugi-Ngenga et al. 

(2022), who reported increased concentrations of N in maize tissues following the 

application of inorganic N and P fertilizers. Jalpa et al. (2021) found that inorganic 

fertilizer contributed to 62 % of N accumulation in plants' tissues. Similar to CTCrF and 

MTCrF in the present study, Pandiaraj et al. (2015) reported higher concentrations of N 

on maize tissues in treatments that combined inorganic fertilizer and residue retention. 

5.1.12 Influence of Different Treatments on Apparent Nitrogen Recovery (ANR) and 

Nitrogen Partial Factor Productivity (NPFP)  

The apparent nitrogen recovery (ANR) (Figure 4.3) may have increased because of the 

N addition through fertility amendments. Goat manure and inorganic fertilizers under 

CTCrGF and MTCrGF could have added great amounts of N. Similarly, Kramer et al. 

(2002) observed high N recovery in both inorganic fertilizer and poultry manure. Hua et 

al. (2020) attributed the higher N recovery to increased Soil Organic Matter (SOM) and 

nutrient availability. Akin to CTCrF, CTF, MTF, and MTCrF, the application of inorganic 

fertilizers improved N recovery by regulating its uptake, water and radiation use 

efficiencies, root distribution, and photosynthesis in a study by Su et al. (2020). In another 

study, the co-application of inorganic N, P, and K also increased ANR in wheat (Duncan 

et al., 2018). Maize-Dolichos intercrop (CTCrGL and MTCrGL) may have partly 

improved ANR by regulating soil moisture and temperature (Nyawade et al., 2019) and 

biological N fixation. The result agrees with Costa et al. (2021), who also reported 

increased N recovery under maize-legume intercrop.  



127 

The ANR may have also improved under CTCrTiG due to organic acids that may have 

been released during the decomposition of T. diversifolia and goat manure. The organic 

acids could have chelated aluminium and raised soil pH, possibly enhancing N uptake 

and utilization by maize crops. Asbon et al. (2015) also reported high ANR under 

combined T. diversifolia and goat manure. However, the slow release of P from Rock 

Phosphate could have negated the effect of T. diversifolia under CTCrTiR and MTCrTiR, 

resulting in lower ANR. Previous studies have found a negative impact of the slow 

nutrient release on N recovery (e.g., Zheng et al., 2016). 

Applying inorganic fertilizers and goat manure (CTCrGF and MTCrGF) could have 

increased N PFP through increased multi-nutrient emanating from, reduced nutrient loss, 

and supplementary and synergic interactions between the two amendments. The finding 

agrees with Chen et al. (2021), who also found higher N PFP under combined straw 

retention, manure, and inorganic fertilizers. The improved N PFP under CTF and MTF 

were attributed to applying the recommended rates of N and P. However, maize residue 

retention under CTCrF and MTCrF could have improved soil moisture which might have 

interacted with the inorganic fertilizers (Wang et al., 2018), to increase N PFP. Wang et 

al. (2019) found that mulch interacted with inorganic fertilizer to improve soil water 

content.  

T. diversifolia and goat manure under MTCrTiG and CTCrTiG may have increased N 

PFP through mineralized N and the release of organic anions that could have reduced soil 

acidity. Rock phosphate under CTCrTiR partly contributed to the improved N PFP due 

to the accelerated release of P, which may have improved root growth and development 

because of the solubility effect of T. diversifolia. In line with this finding, Naher & Biswas 

(2021) also recorded higher N PPF under treatments containing rock phosphate and T. 

diversifolia. The finding of the low N PFP under MTCrGL and CTCrGL could be 

ascribed to the competition for resources, especially P between maize and Dolichos, 

agreed with Wang et al. (2022), who attributed the low N PFP to maize competition for 

N. The results contrasted the findings of Liang et al. (2020), who reported increased N 

PFP in cotton/mung bean intercrop, respectively. This could be due to differences in the 

type of crop and P availability in various soil types. 
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5.1.13 Effect of Tillage on N Concentration in Plant Tissues, ANR, N PFP 

Minimum tillage treated with fertility amendments and maize residue retention (Figure 

4.3) could have increased nitrogen use efficiency (NUE) indicators (i.e., N concentration 

in plant tissues, ANR, and N PPF) by increasing fertilizer spikes and regulating the 

interaction between crop roots and the soil (Yang et al., 2023). The organic amendments 

under MTCrGF, MTCrTiG, and MTCrTiR could have increased NUE indicators by 

improving moisture retention and soil aggregation (structure) that may have reduced N 

losses. Crop residue retention combined with inorganic fertilizers, like MTCrF in the 

present study, increased different NUE indicators in a maize cropping system (Jug et al., 

2019). Like MTCrGL, higher NUE indicators have been observed under different legume 

crops acting as cover crops in a maize-legume intercropping system under reduced tillage 

(Büchi et al., 2018). 

The effect of conventional tillage on NUE indicators can be associated with the uniform 

distribution of resources and improved air circulation within the rhizosphere. Tilling 

could have stimulated N mineralization under CTCrGF, CTCrTiG, CTCrGL, and 

CTCrTiR, thus, improving NUE indicators. Sawyer et al. (2017) reported increased N 

PFP under conventional tillage treated with inorganic fertilizers and with or without 

residue retention, as was in the case of CTF and CTCrF. Also, Habtegebrial et al. (2007) 

found the same N recoveries under both inorganic N-treated CT and MT systems. 

Coupled with improved oxygen circulation to the root zone, Dolichos could have created 

a suitable environment for N-fixing and N-oxidizing microbes (Tang, 2021) that may 

have improved N uptake, increasing NUE indicators. 

5.1.14 Available and Change in Soil N as Influenced by Different Treatments 

The goat manure and T. diversifolia applied contained substantially high mineralizable N 

concentrations (1.7% and 3.80% N, respectively), which could be associated with the 

recorded increase in N under CTCrGL, CTCrTiG, CTCrGF, CTCrTiR, MTCrGL, and 

MTCrTiR. Cattle manure has been reported to be rich in mineral and organic elements 

that can improve soil nutrients (Zhang et al., 2021). Therefore, the application of manure-

containing technologies may explain the increase in available soil N in the intra- and inter-
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treatments at the end of the experiment (Table 4.7). Application of inorganic fertilizer 

(NPK at planting and topdressing using CAN) could cause the high available N and the 

resultant changes under CTF, CTCrGF, MTF, MTCrF, and MTCrGF. This finding agrees 

with the previous study by Uwah & Eyo (2014). The low C: N ratio of T. diversifolia 

promotes rapid decomposition of the organic input to release N into the soil solution. Goat 

manure combined with residue retention could have induced N-related enzyme activity 

leading to the release of available N, as was also reported by Tayyab et al. (2018). 

Moreover, the significant increase in N recorded under Dolichos lablab treatments 

(MTCrGL and CTCrGL) was attributed to biological fixation (Palmero et al., 2022). 

Also, the experimental site was affected by high soil acidity and low inorganic N; hence 

the legume crop could have responded to the N stress by recycling and remobilizing N, 

partially altering root distribution and nodulation capacity (Zheng et al., 2022), resulting 

to increased N in the topsoil. 

The higher N reported under MTCrF, MTCrGF, and MTCrGL in this study could be 

partly attributed to the effectiveness of minimum tillage to store the nutrients at the 0-20 

cm depth (Vazquez et al., 2019). Minimum tillage could have enhanced soil microbe 

diversity and population size (Li et al., 2020), which may have accelerated the 

mineralization of N from the organic materials. Additionally, aeration and water 

infiltration could have been improved under MT, making conditions suitable for rhizobia 

root infection and consequent N fixation, partly explaining the observed high N under 

CTCrGL.  

5.2 Simulating N Mineralization under Different Treatments 

Like the observed values, APSIM captured well the seasonal variabilities of the 

mineralized N between the two cropping seasons (Figure 4.7). The model has been 

proven to accurately predict seasonal variabilities in other studies (e.g., Ogbazghi et al., 

2016). However, the estimated radiation from the NASA website could have partially 

explained why mineralized N was not accurately predicted, leading to either under- or 

overestimation. This may have led to the poor model accuracy parameters obtained for 

most treatments. Similar to treatments with organic amendments in the present study 
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during some sampling dates, Vogeler et al. (2019) found that APSIM underestimated N 

released from crop residues, especially under low temperatures.  

The simulated NH4-N for MTCrF, NO3-N for MTCrTiG and MTCrF during LR21, and 

NO3-N for CTCrTiG, CTCrTiR, MTCrF, and CTCrGF during SR20 season positively 

corresponded with the observed values. The findings are in agreement with previous 

studies. For instance, Munir et al. (2018) found that simulated mineral N in inorganic-

fertilized soils had a high d-index (0.90). Like CTCrTiG and CTCrGF, Mohanty et al. 

(2011) found high APSIM predictability of N mineralized from the farmyard and green 

manures. 

The differences in observed and simulated NH4-N and NO3-N during SR20 and LR21 

could be attributed to using APSIM default values that were not in sync with the actual 

mineralization processes (Luo et al., 2014). For instance, an influx of carbon pools, 

though not measured in the current study, affects N mineralization. Estimated APSIM 

inputs are permissible in cases where the measured values are unavailable, but such inputs 

can affect the model's performance (Cichota et al., 2021). Over- and under-estimation of 

both NH4-N and NO3-N under unfertilized and fertilized plots using APSIM has 

previously been reported by Smith et al. (2019).  

The nearly similar simulated mineralized N under conventional and conservation tillage 

systems in the current study agrees with the finding of Ram et al. (2018), who modelled 

the effect of tillage on soil chemical and physical properties. The lack of strong 

associations, as depicted by low R2, between the observed and simulated values under 

treatments with inorganic fertilizers could be due to the inability of the simulator to 

simulate P dynamics (Raymond et al., 2021), which could have affected N mineralization. 

Like CTCrTiG, CTCrTiR, MTCrTiG, and MTCrTiR, Mohanty et al. (2011) found a lack 

of correspondence between the predicted mineral N release under green manure and the 

actual values. Inaccurate prediction of mineralized N under CTCrGF, CTCrTiG, 

MTCrGF, and MTCrTiG could be due to the varying carbon qualities from the organic 

amendments and their C: N ratios. 
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5.2.1 Phosphorus Fractions Status as Influenced by Different Treatments 

Generally, the distribution of different fractions of P could have been partly influenced 

by significant relationships between the various fractions (Appendix VIII). For instance, 

sonic NaOH-Po positively correlated with and could have significantly contributed to 

residual P. Relationships between various fractions have been reported. Mahmood et al. 

(2021) found a positive correlation between residual and NaOH-Pi. 

In tropical and sub-tropical soils such as the Nitisols, residual P (Table 4.8) often is the 

largest fraction of total P under long-term fertilization. This finding concurs with the 

results of Arruda et al. (2019), who found that residual P was the largest fraction of total 

P in Mollisols under long-term cumulative fertilization. This fraction is a long-term P 

sustainability indicator (Maharjan et al., 2018). The moderately bioavailable NaOH-Pi 

fraction was equally higher in the studied soil, which could be ascribed to the addition of 

inorganic P fertilization from NPK and TSP fertilizers and mineralization from organic 

amendments  (Damon et al., 2014). The labile NaHCO3-Po is an important reserve that 

can buffer P once available soil P is insufficient to meet crop demand. In such a situation, 

the labile NaHCO3-Po is quickly mineralized by phosphatase and taken up by the crop. 

Such a mineralization event could have explained the low status of labile NaHCO3-Po in 

this study. Maize rhizosphere hosts phoC- and phoD harbouring bacterial communities 

responsible for mineralizing organic P (Guo et al., 2022). This could explain the high 

NaOH-Pi and low NaHCO3-Po and the overall distribution of total P fractions. 

Integrated soil fertility management technologies, MTCrGF and CTCrGF had the highest 

concentrations of most P fractions. The high concentrations could be ascribed to the 

substantial quantities of mineralizable P in goat manure and inorganic fertilizers. This 

finding agrees with Chen et al. (2022), who reported an increased impact of long-term P 

fertilization on iron and aluminium-bound and soluble P fractions in an orchard. Also, 

Shi & Ziadi (2015) found a similar impact of P fertilization on P fractions under maize-

soybean rotation with tillage. Long-term N fertilization could impact soil enzymes such 

as acid phosphatase and phosphodiesterase activities, as was also reported by Qaswar et 

al. (2022) under manure and NPK fertilizer co-application that influenced P fractions. In 

agreement with the study findings, Mahmood et al. (2021) reported increased different P 
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fractions, especially moderate-available P fractions, in response to long-term N 

fertilization under the Winter wheat cropping system. Still, the co-application of manure 

and inorganic fertilizer under MTCrGF and CTCrGF could have stimulated synergetic 

interactions hence the release of P (Otieno et al., 2021), eliciting an increase in some of 

the P fractions. 

Different P fractions responded indiscriminately under conservation tillage (CT) and 

minimum tillage (MT) systems treated with fertility amendments. The impact of tillage 

on soil processes, such as biological, physical, and chemical changes, could have 

triggered the observed positive responses of P fractions in this study. Similar to the 

findings of this study (under CTCrGF, CTF, and CTCrF), Sharma et al. (2022) reported 

significantly higher HCl-P, NaHCO3-Pi, and NaOH-Po fractions under CT and 

conservation (zero tillage) tillage systems with wheat straw retention. Moreover, 

inorganic P fractions (Al-P, Fe-P, Ca-P, and residual-P) substantially increased under CT 

treated with biofertilizer for 32 years in a Ferralsol (Thomas et al., 2022), similar to 

treatments under MT system (MTCrGF, MTCrGL, MTCrTiR, and MTCrTiG) in this 

study. However, while Selles et al. (1997) reported increased P fractions (labile organic 

and inorganic) under MT in Ferralsols in a study conducted for five years, Pavinato et al. 

(2009) reported nonresponsive labile P fractions after ten years of conservation tillage 

under soybean cropping system. The inconsistency could be attributed to the duration of 

experimentation and the type of cropping system. 

5.2.2. Fractions of P and their Distribution in Response to Treatments 

The labile P fraction (resin-Pi, NaHCO3-Pi, NaOH-Pi, and NaHCO3-Po) is the readily 

bioavailable fraction of P for plants (Pizzeghello et al., 2016). The higher contents of 

resin-Pi, NaHCO3-Pi, and NaOH-Pi fractions under amended minimum tillage 

(MTCrGF, MTCrF, MTCrTiR, and MTF) and conservation tillage (CTCrF, CTCrGF, and 

CTF) can be explained by the application of soil fertility amendments that provided 

readily available inorganic P (NPK and TSP fertilizers) and easily mineralizable P (goat 

manure and Tithonia diversifolia). These findings vindicate the results of previous studies 

that found the response of P fractions to inorganic and organic fertilization (Chen et al., 

2022; Qiong et al., 2022) and contrasting tillage systems (Tiecher et al., 2018). The higher 
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resin-Pi under MTCrTiR can be attributed to the nexus between T. diversifolia and rock 

phosphate (slow P-releasing fertilizer) under a minimum tillage system. Similarly, the 

higher content of the readily mineralizable P fraction (NaHCO3-Po) under CTCrTiR can 

be explained by the interaction of T. diversifolia and rock phosphate under the 

conventional tillage system. T. diversifolia could have released organic compounds that 

hastened the solubilisation of rock phosphate (Wei et al., 2017). The higher concentration 

of moderately labile organic P (NaOH-Po) under MTCrTiG and CTCrTiG underpins the 

synergic interaction between organic amendments with different nutrient concentrations 

in the mineralization processes. Similarly, co-application of NPK and manure, as was 

under CTCrGF and MTCrGF, also had markedly higher labile P fraction (NaHCO3-Pi, 

NaOH-Pi) in a Black soil under continuous maize cropping (Qiong et al., 2022). 

The higher recalcitrant fractions (sonic NaOH-Pi and HCl-Pi) can be attributed to the soil 

pH of approximately 5.5 under all the treatments at the end of the study (Appendix VII).  

Low soil pH is a common challenge in the acidic Nitisols being associated with high 

concentrations of Al3+ and Fe3+ that adsorb P (Maharjan et al., 2018; Mahmood et al., 

2021). The significant increase in sonic NaOH-Pi under CTCrGF, MTCrGF, CTF, and 

CTCrF and HCl-Pi under MTCrTiR, MTCrGF, and CTCrGF (Table 4.8)  and the total P 

distributions (Error! Reference source not found.) can be associated with long-term N t

ransformation which probably led to enhanced protonation during the nitrification process 

(Raza et al., 2019). These results corroborate the findings of Sun et al. (2022), who opined 

that N fertilization lowered soil pH, leading to low labile Pi but high recalcitrant Pi under 

the maize cropping system in Mollisols. Moreover, goat manure, T. diversifolia, and 

inorganic fertilizers used in this study supplied P that could have also contributed to the 

high recalcitrant P fractions. Similarly, several other studies have reported a positive 

response of recalcitrant fractions to P fertilization (e.g., Shi & Ziadi, 2015).  

The enhanced recalcitrant sonic NaOH-Po under the amended minimum tillage system 

(MTCrGF, MTCrTiR, MTCrF, and MTCrGL) can be attributed to increased stable soil 

organic matter (SOM) contributed by the applied organic amendments. A previous study 

reported Stable SOM under a minimum tillage system (Zhao et al., 2021). Similar to the 

findings of this study, Cao et al. (2020) reported increased recalcitrant NaOH-Po under 
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maize stover retention co-joined with NPK. The higher residual P under MTCrGF 

probably was due to the transformation of P fractions (from stover residues, goat manure, 

and inorganic fertilizer), resulting in a build-up of residual P and occluded within soil 

micro-aggregates. Phosphorus added mainly as soluble Pi often precipitates as Al and Fe 

phosphate in acidic soils, while insoluble P forms, such as from organic amendments, 

physicochemically stabilize into SOM complexes (Shen et al., 2011). Because of these 

reactions, P usually accumulates in the soil following the annual long-term addition 

leading to residual P build-up (Arruda et al., 2019).  

5.2.3. Phosphorus Sorption Characteristics under Different Treatments 

Phosphorus sorption parameters are controlled mainly by soil properties such as clay, 

SOM content, pH, and amorphous Fe and Al (Debicka et al., 2016). Maximum P sorption 

(Smax) in this study (Table 4.11) was within the range of 60 to 5500 mg kg-1 of a set of 

humid tropical soils investigated by Campos et al. (2016), who credited Al and Fe as 

important ions controlling P sorption in those soils. The high Smax recorded in the soil 

under the current study indicates that the soil has high sorption surfaces and can retain 

more P (Lambano et al., 2022).  

The superior Smax under MTCrGF and CTCrGF (Error! Reference source not found.) c

an be attributed to the direct and indirect effect of inorganic fertilizers and organic 

amendments that possibly increased SOM. Past studies have found a positive correlation 

between SOM and Smax (e.g., Yang et al., 2019), and it increases Smax by creating extra 

sorption sites (Debicka et al., 2016). Also, continuous application of inorganic fertilizers 

for five years under MTCrGF and CTCrGF could have maintained soil pH at 

approximately 5.5 through the buffering effect of organic amendments resulting in 

increased P sorption. Consistent with this finding, Nobile et al. (2020) found significantly 

higher Smax after a decade of inorganic fertilizer application in an Andosol. 

The lowest bonding energy (ⱪ) under the various treatments may have resulted as a 

consequence of P saturation caused by continuous P application. As the degree of P 

saturation (DPS) increases, soil sorption sites decrease (Yan et al., 2017). Thus, additional 

P is loosely held by the lowest binding affinity (ⱪ). Similarly, Debicka et al. (2016) and 
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Dunne et al. (2021) reported an inverse relationship between ⱪ and DPS in sandy soil. 

Furthermore, organic amendments under CTCrGF, CTCrGL, CTCrTiR, CTCrTiG, 

MTCrGF, MTCrGL, MTCrTiR, and MTCrTiG could have exudated carboxylates and 

low molecular organic compounds blocking adsorption sites, therefore, increasing P 

availability (Arruda et al., 2019; Maharjan et al., 2018), and can explain the low ⱪ and 

high DPS values in this study. These findings agree with Bhattacharyya et al. (2015), who 

found low ⱪ and significantly higher DPS under NPK + manure treatment.  

Similar to treatments with manure (MTCrGF and MTCrTiG), Shafqat & Pierzynski 

(2010) found higher Smax and lower k when No Tillage (NT) was amended with manure 

compared to conservation tillage (CT). However, improved P sorption characteristics in 

treatments with conventional tillage system (CTCrGF, CTF, CTCrF, CTCrTiG, CTCrGL, 

and CTCrTiR) agrees with the work of Fink et al. (2016). The highest ⱪ under minimum 

tillage (MT) can be attributed to improved soil aggregates under a minimum tillage 

system that could have enhanced contact between amorphous Fe and Al with soil P 

leading to strong fixation (Rechberger et al., 2021). Phosphorus sorption relates with soil 

proprieties (Xu et al., 2022); thus, soils with high contents of clay and Al, such as the 

Nitisols under this study, could experience a low P lixiviation and, therefore, least P 

contamination/pollution risk (Campos et al., 2016).  

5.3.4. Effects of Various Treatments on P Use Efficiency (PUE) Parameters 

Phosphorus use efficiency (PUE) depends mainly on P reactions, retention, and mobility 

(Bhattacharyya et al., 2015) and could have also been affected by P sorption 

characteristics (Appendix IX). Therefore, the treatments that improve P retention and 

mobility (labile P) most likely enhanced PUE. Rainfall variability may also influence 

PUE, as was the case on partial productivity factor (PPF) in the present study, in which it 

was higher during short rains where maize yield was constrained by low rainfall than 

during long rains. This finding concurs with a study where maize PUE was greater in a 

year when low rainfall restricted maize yield (Pavinato et al., 2017). Nevertheless, 

phosphorus agronomic efficiency (PAE) in this study (Error! Reference source not f

ound.) is slightly below the global average PAE (12.4%) for cereals (Yu et al., 2021), 
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indicating a great potential to still improve PUE even after the five-year project period 

(11 cropping seasons) of P fertilization. 

The recorded high PAE and PPF may be attributed to the labile Pi fractions (Table 4.8) 

that could have improved P availability for crop uptake and utilization (Arruda et al., 

2019). Also, the P addition can explain the response of the two PUE parameters. This 

finding agrees with the results of Caspersen & Bergstrand (2020), who also reported 

enhanced PAE of poinsettia and chrysanthemum under P fertilization. Still, N inputs by 

applying inorganic and organic amendments may be credited for the significantly higher 

PAE and PPF, particularly under CTCrGF (Figure 4.10). The effect of N addition on 

PAE and PPF has also been reported in other studies (Asrade et al., 2022; Zhang et al., 

2023). With a possible abundance of phosphatase within the maize rhizosphere (Guo et 

al., 2022), the enzyme could have facilitated the decomposition of organophosphates (Xu 

et al., 2022) from organic amendments, thus increasing PAE and PPF. There may have 

been an interactive effect between the released humic acids during the decomposition and 

P addition (under treatments that combined inorganic fertilizer and organic amendments) 

that could have enhanced P availability and PUE. 

The slowly solubilised P under MTCrTiR could have been quickly immobilised, thus 

restricting P uptake and utilisation by the crop, thus, decreasing PUE (Caspersen & 

Bergstrand, 2020). Maize-Dolichos lablab under CTCrGL and MTCrGL could have 

improved soil enzyme activity under limited P conditions during adequate rainfall (LR21 

season), leading to a significantly higher PUE. Pang et al. (2018) also elaborated on the 

importance of legume crops on P acquisition and use efficiency. However, the activity of 

P-solubilising enzymes may have been suppressed by low soil moisture (Bolo et al., 

2021) relating to low rainfall received during the SR20 season, explaining the low PUE 

under CTCrGL. 

5.2.5 Influence of Different Treatments on Available and Legacy P  

The significant increase in available P (Figure 4.11) and legacy P (Figure 4.9) under 

MTCrF, MTCrGF, CTCrF, CTCrGF, and CTF was explained by P addition from both 

inorganic fertilizers, residue retention and organic amendments (Asrade et al., 2022; 
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Otieno et al., 2021). Legacy P was enhanced by the application of inorganic P from NPK 

and TSP, as was also reported by Somavilla et al. (2021). Inorganic P fertilization could 

have increased the mineralization of P from goat manure (Kiboi et al., 2020) by lowering 

the carbon (C) to P (C:P) ratio and promoting activities of litter-decomposing 

microorganisms (Jia et al., 2022). Similarly, Shafqat & Pierzynski (2013) reported 

significantly higher legacy P in soil treated with animal manure. Similar to the 

observation by Musyoka et al. (2017), goat manure used in this study contained high P 

content (0.39%), which could have explained the high available and legacy P. Residue 

retention under the treatments could have additionally activated P-related enzymes 

leading to increased available P (Cao et al., 2022). Improved soil N and P under combined 

inorganic fertilizer and manure have also been reported by Brunetti et al. (2019).  

Low soil pH is a primary problem in the current study site which is associated with low 

P due to fixation. Increased soluble organic substances under organic amendments 

(MTCrGL and CTCrTiG) could have raised soil pH, chelated exchangeable acidity, and 

increased desorption of phosphates hence improving the concentration of available P in 

the soil solution (Zhang et al., 2021). Furthermore, Dolichos lablab has an extensive 

rooting system that may have captured and redistributed N to topsoil hence the 

significantly higher legacy and available P under MTCrGL. Additionally, the Dolichos 

probably responded to low soil P by enhancing mycorrhizal associations and phosphatase 

activity, thereby increasing available P (Arruda et al., 2021). The low P status under 

CTCrTiR, MTCrTiG, and CTCrGL could be explained by the release of organic acids 

from the organic amendments (maize residues, T. diversifolia, and manure) that promoted 

solubility of P and its subsequent uptake by maize evidenced by the higher yield (Table 

4.12). Nutrient mining through crop harvest contributes to low soil P (Asrade et al., 2022). 

Moreover, Nitisols are acidic,  containing hydroxides and oxides of aluminium and iron, 

which strongly fix P (Werner et al., 2017), which could have explained the low available 

P under MTF.  

5.3.5 Effects of the Treatments on Soil Moisture Content 

The significant increase in SMC under CTCrGF, MTCrGF, CTCrTiG, CTCrTiR, and 

MTCrTiR during the SR20 season, which experienced relatively lower rainfall, could be 
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attributed to improved soil organic matter (SOM) resulting from increased biomass 

production (Table 4.12). A positive relationship exists between SOM and increased water 

retention (Lal, 2020). Combining goat manure and inorganic fertilizer treatment could 

have enhanced soil hydraulic properties by releasing soil organic carbon (SOC). Saputra 

et al. (2023) showed a positive impact of SOC on soil hydraulic properties that increased 

soil water holding capacity. 

The enhanced SMC under CTCrGL and MTCrGL perhaps partly resulted from the 

covering effect of the Dolichos lablab, a legume crop. Cover crops are one of the 

components of conservation agriculture aimed at maintaining ground cover and retaining 

soil moisture (Nordblom et al., 2023). Additionally, the legume crop could have 

contributed to the significant increase in SMC by influencing soil hydraulic properties 

during the growing season. Haruna et al. (2023) found improved soil hydraulic properties 

under several cover crops. Moreover, the retention of maize residue may have also 

contributed to the improved SMC under CTCrGF, MTCrGF, CTCrTiG, CTCrTiR, and 

MTCrTiR. Several studies have linked significant improvements in SMC to crop residue 

retention (e.g., Rahman et al., 2022). 

5.2.6 Effect of Different Treatments on Maize Productivity  

The high chlorophyll content recorded under the various amended treatments was partly 

attributed to N fertilization from inorganic (NPK and CAN) under CTF, CTCrGF, MTF, 

MTCrF and MTCrGF, and organic (manure and T. diversifolia) amendments under 

CTCrGL, CTCrTiG, CTCrGF, CTCrTiR, MTCrGL, and MTCrTiR. Consistent with the 

current findings, Skudra & Ruza (2017) reported higher chlorophyll content of Winter 

wheat fertilized with NPK. Moreover, Kiboi et al. (2019) reported significantly higher 

chlorophyll at the 6th leaf stage under N inputs. However, the low relative chlorophyll 

under MTCrGL at the 10th leaf during SR20 and CTCrGL at the 6th and 10th leaf during 

LR21 cropping seasons could be attributed to interspecific competition for the 

biologically fixed N between maize and the legume (Gong et al., 2021). The leaf area 

index (LAI) is a consequence and determinant of critical vegetation canopy processes 

(Parker, 2020) regulated by N. Therefore, the higher LAI under this study could be linked 

to N input through CTF, CTCrF, CTCrGF, CTCrGL, CTCrTiG, CTCrTiR, MTF, MTCrF, 
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MTCrGF, MTCrGL, MTCrTiG, and MTCrTiR. This finding vindicates Zhang et al. 

(2018), who reported significantly improved LAI in various crops at different 

phenological stages, such as in Solanum tuberosum L. under N and P addition from 

manure, NPK, and TSP. 

Photosynthetically active radiation (PAR) and radiation use efficiency (RUE) are closely 

related and are important in determining crop yields (Shi et al., 2022). An optimum 

biomass accumulation, accentuated by soil fertilization, allows maize to intercept and 

effectively use solar radiation (Yan et al., 2022). Therefore, the observed higher PAR and 

RUE may be attributed to higher biomass accumulation (Table 4.10) supported by 

nutrients addition from CTCrGF, CTCrGL, CTCrTiG, CTCrTiR, MTCrGF, MTCrGL, 

MTCrTiG, and MTCrTiR. Zhang et al. (2021) reported high PAR in rice under high N, 

P, and K fertilization rates in China. Like CTF, CTCrF, MTF, and MTCrF, Singh et al. 

(2017) also reported the highest PAR in maize 60 days after planting under NPK 

application. Radiation use efficiency depends on the intercepting surface (leaf) affected 

by fertilization and water use efficiency. Cosentino et al. (2016) reported high RUE in 

giant reed (Arundo donax L.) under increased water availability and N fertilization in a 

semi-arid Mediterranean area. Consistent with the impact of CTCrGL and MTCrGL in 

the current study, maize-soybean intercrop greatly enhanced RUE under Eutric Cambisol 

in Shangqiu (Gao et al., 2010). Additionally, residue retention and organic amendments 

under CTCrTiG, CTCrGF, CTCrTiR, MTCrTiG, and MTCrTiR in the current study 

could have conserved soil moisture for a longer duration leading to improved resource-

use efficiency (Parihar & Nayak 2019) hence the higher RUE. Conversely, the observed 

insignificant effect of CTCrGL, MTCrGL, MTF and MT on RUE could also be attributed 

to interspecific P competition under the intercrop treatment and fixation under sole 

inorganic fertilizer application. This finding corroborates the results of the study 

conducted by Salvagiotti et al. (2017).  

The rapid growth rate observed under the various amended treatments in the current study 

was attributed to N, P, and K fertilization that promoted active vegetive growth by 

stimulating growth hormones (Yue et al., 2022). Plant growth occurs in meristematic cells 

of the internodes, in which P plays a critical role. In the current study, fertilization by 
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NPK 17:17:17 under CTF, CTCrF, CTCrGF, MTCrF, and MTCrGF probably provided 

K, which could have promoted the growth of meristematic tissues and key in N 

metabolism leading to taller maize crops. Furthermore, the enhanced growth under 

organic-based amendments (CTCrGL, CTCrTiG, MTCrGL, and MTCrTiG) could be 

attributed to improved soil P (Figure 4.11) and N (Table 4.7). This finding confirms the 

results of an earlier study that recorded rapid crop growth under organic amendments 

(Yousaf et al., 2021). Moreover, a similar effect of rock phosphate on maize height as 

under CTCrTiR and  MTCrTiR in this study was reported by Kaur and Reddy (2015). 

The significant increase in maize yield could be attributed to its response to N and P 

application through fertilization under the various amended treatments to a soil 

characterized by low N and P, as shown in Table 3.1. The increased grain and stover 

yields under treatments with integrated inorganic fertilizers and organic amendments 

(CTCrGF and MTCrGF) demonstrate the importance of ISFM in improving crop 

productivity through complementarity (Vanlauwe et al., 2015). A similar finding was 

reported in rice (Mi et al., 2018) and tomatoes (Brunetti et al., 2019). Combining 

resources under CTCrTiR, CTCrTiG, MTCrTiG, and MTCrTiR enhanced resource use 

efficiencies, as shown through the observed improved RUE (Table 4.14). This finding 

agrees with a short-term study conducted in the farmers' fields in the Central Highlands 

of Kenya (Otieno et al., 2021). The result also corroborates the assertion of Hassen (2018) 

and reveals the potential of integrated sole organic amendments (CTCrGL, MTCrGL, 

MTCrTiG, CTCrTiG, MTCrTiR, and CTCrTiR) replacing the use of inorganic fertilizers. 

Increased yield has been reported in rice under a treatment that combined rock phosphate 

and T. diversifolia (Imani et al., 2020), similar to increased maize performance under 

CTCrTiR and MTCrTiR in this study.  

The enhanced maize yield under MTF, MTCrF, CTF, and CTCrF is a demonstration of 

the responsiveness of acidic Nitisols to sole inorganic fertilizer application that regulates 

crop growth parameters (Table 4.9 and Table 4.11) and yield (Table 4.12). This result 

supports the findings of Wu et al. (2017), who reported a positive effect of inorganic P 

application on maize growth and yield. Positive effects of inorganic fertilizer on the 

growth and yield of other crops have also been reported in another study (Cheptoek et al., 
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2021). The increased maize yield under the application of inorganic fertiliser and residue 

retention (CTCrF and MTCrF) agrees with the finding of Zhang et al. (2021), where NPK 

combined with straw retention increased wheat yield. On the other hand, maize yield 

under CTCrGL, and MTCrGL was associated with increased available P (Figure 4.11) 

and N (Table 4.7) under these treatments. Other studies have associated increased crop 

yield under cereal-legume intercrop with the ability of the legume crop to enhance soil N 

and P within the system (Arruda et al., 2021; Arruda et al., 2019). 

The increased aboveground yield and water productivity (WP) (Table 4.15) were 

associated with adding N, P, and K from inorganic and organic amendments. Nitrogen 

application affects maize grain yield by regulating; 1) N uptake, 2) radiation and water 

use efficiencies, 3) root distribution, 4) photosynthesis, 5) and grain filling (Su et al., 

2020; Yue et al., 2022). Applying N through calcium superphosphate, urea, and pig 

manure significantly increased maize yield in a study conducted by Zhang et al. (2021). 

Soil fertility amendments improved WP by providing N, P, and K that control critical bio-

physico-chemical functions in crops. For instance, P fertilization from the amendments 

could have stimulated root hydrotropism during intra-seasonal water shortages (Szulc et 

al., 2021), leading to higher WP. Treatments that contained organic amendments like 

CTCrGF, CTCrTiG, MTCrGF, and MTCrTiG could have altered soil hydraulic 

characteristics and enhanced the soil's physical environment (Parihar & Nayak, 2019), 

leading to improved water utilization. On the other hand, K from NPK fertilization could 

have increased water uptake and translocation within the plant resulting in higher WP. 

Stover yield declined under MT during the LR21 cropping season and coincided with the 

low WP. A previous study also reported a reduced maize yield grown under conservation 

tillage in adequate rainfall conditions (Parihar & Nayak, 2019). The low maize grain yield 

observed under CTCrGL and MTCrGL was attributed to water stress caused by legume-

cereal soil moisture competition during periods of moisture scarcity (Teixeira et al., 2014) 

at the grain filling stage during the SR20 season.  

The observed higher maize performance under the different ISFM technologies was due 

to a combined effect of tillage and soil fertility amendments. The improved performance 

under CT could be ascribed to better root development due to improved soil porosity 



142 

(Cosentino et al., 2016) and rapid mineralization of plant nutrients. Kiboi et al. (2019) 

attributed the significantly high maize yield to quick nutrient release under conservation 

tillage. On the other hand, minimum tillage (MT) could have contributed to better maize 

performance by regulating plant photosynthetic capacity, hormonal changes, and grain 

filling (Yue et al., 2022). Other studies have linked high crop performance under MT to 

increased water retention and fertilizer responsiveness (Vazquez et al., 2019). 

The reduced consumptive water use (Et) under CTCrGF, MTCrGF, CTCrGL, and 

CTCrTiG could be attributed to improved soil water conservation (Table 4.13) and 

canopy cover as indicated by the leaf area index (Table 4.9) under these treatments. A 

similar finding was reported by Li et al. (2010), who found lower Et and higher maize 

biomass production under combined inorganic fertilizer and animal manure treatment. 

Integration of all-inclusive organic amendments like CTCrGL and CTCrTiG could have 

improved water storage efficiency, leading to low consumptive use. This result agrees 

with the finding of Xu et al. (2023), who also reported lower consumptive water use under 

all-inclusive organic amendments. 

Apart from CT and MT that had Nitrogen Nutrition Index (NNI) below 1, it was at a 

supra-optimal level (Li et al., 2022) in all the other treatments with values greater than 1 

(Figure 4.12). This could be attributed to the addition of N through the fertility 

amendments and its protection against losses. The NNI positively relates with other crop 

growth parameters like chlorophyll content and LAI (Zhao et al., 2018), which are both 

affected by N nutrition. The NNI of summer maize ranged between 0.68 to 1.15 under 

various N treatments in another study (Zhao et al., 2018). The finding under CTCrGF and 

MTCrGF was similar to that of Liu et al. (2023), who also reported higher NNI under the 

combined application of inorganic fertilizer and manure. Particularly under MTCrGL and 

CTCrGL, intercropping maize with Dolichos could have increased NNI by improving 

resource use and rhizobia efficiency. The finding agrees with Latati et al. (2016), who 

found higher NNI value under maize-common bean intercrop. 
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CHAPTER SIX 

SUMMARY OF OBJECTIVES, CONCLUSIONS, AND RECOMMENDATIONS 

6.1 Introduction 

This Chapter contains summary of the research objectives, conclusions, and 

recommendations arising from the study. These three subsections are aligned to the 

objectives, research hypotheses and the findings. 

6.2 Summary of the Study Objectives 

Informed by the need to improve crop productivity in an acidic Nitisol, this study was 

conducted in a Humic nitisol of Chuka Subcounty situated in Tharaka-Nithi County to 

assess the effects of integrated soil fertility management (ISFM) technologies on soil 

microbial biomass, , maize water productivity, and N and P dynamics. In addition to this, 

the study sought to validate Agricultural Production Systems sIMulator Model (APSIM) 

in simulating N mineralization as influenced by selected ISFM technologies. The specific 

objectives of the study were; 

i. Determine the effects of selected ISFM technologies on soil microbial biomass N, 

C, and P. 

ii. Evaluate the effects of selected ISFM technologies on N mineralization, partial 

factor productivity, and apparent N recovery. 

iii. Simulate soil N mineralization under selected ISFM technologies, and  

iv. Assess the response of soil phosphorus fractions, degree of saturation, maximum 

sorption capacity, use efficiency, and legacy to selected ISFM technologies. 

v. Evaluate the effects of the selected ISFM technologies on maize yield, soil 

moisture content, and water productivity. 

6.3 Conclusions 

i. Integrated soil fertility management technologies significantly affected soil 

microbial C, N, and P thus the first null hypothesis was rejected. The microbial 
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elements were highest in technologies that integrated organic amendments. 

However, the highest values were recorded under different technologies. The 

highest MBC was under CTCrGL (865.16 mg kg-1) and MTCrGL (863.94 mg kg-

1), MBN peaked under MTCrTiG (120.59 mg kg-1) and was highly improved by 

the sole organic amendments or combined with inorganic fertilizers. The CTCrGF 

(45.04 mg kg-1) treatment greatly enhanced MBP. 

ii. The selected integrated soil fertility management (ISFM) technologies 

significantly affected the quantity and pattern of N mineralization. The 

technologies also greatly improved N partial factor productivity (NPFP) and 

apparent N recovery (ANR). The second null hypothesis was also rejected. 

Averaged across the two seasons and sampling dates, MTCrGL, MTCrGF, 

CTCrGF, CTCrGL, CTCrTiR, MTCrTiG, CTCrTiG, and MTCrTiR resulted in 

the greatest mineralized N by 1.27, 1.05, 1.05, 0.93, 0.91, 0.74, 0.69, and 0.65 ug 

g-1, respectively compared to the control that recorded an average of 0.20 ug g-1. 

Application of CTCrGF and MTCrGF resulted in the highest apparent N recovery 

(ANR) of 5.11 and 5.75, respectively, in maize crop. The implementation of 

CTCrGF also led to the highest N partial factor productivity of 52.80 kg N ha-1. 

iii. Strong positive concurrence between observed and APSIM simulated NO3-N only 

existed under CTCrTiG, CTCrTiR, MTCrF, and CTCrGF (R2
 = 0.63, 0.58, 0.56, 

and 0.54; p = 0.02, 0.03, 0.03, and 0.04, respectively) during SR20. Whereas, 

there was strong agreement between observed and simulated NH4-N only under 

MTCrF (R2 = 0.56; p= 0.03) and CTCrGL (R2 = 0.52; p = 0.04) during the LR21. 

The model did not accurately predict N mineralization under the rest of the 

selected ISFM technologies. Consequently, the third null hypothesis was not 

rejected. The Model mostly under-estimated mineralized N at the start of the 

season and over-estimated it in the later dates under most of the technologies.  

iv. The selected ISFM technologies significantly affected quantities of soil P 

fractions, degree of saturation (DPS), maximum sorption capacity (Smax), P use 

efficiency (PUE), and legacy. The fourth null hypothesis was also rejected. The 

MTCrGF had the highest effect on and significantly increased resin-Pi, NaHCO3-

Pi, and maximum P sorption (Smax) by 182, 76, and 52 mg P kg-1. Also, NaOH-Pi 

and Smax concentrations were greatly higher under CTCrGF by 216 mg P kg-1 and 
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49 mg P kg-1, respectively, than the control. Additionally, MTCrGF and CTCrGF 

had the lowest P bonding energy (0.04 L mg-1). The CTCrGF had the highest P 

partial productivity factor (0.093 and 0.140 kg biomass kg-1 P) and P agronomic 

efficiency (0.080 and 0.073 kg biomass kg-1 P) during sort and long rainy seasons.  

v. The selected ISFM technologies significantly explained the variations on maize 

yield, soil moisture content, and water productivity, thus the fifth null hypothesis 

was rejected. Grain yield was significantly higher under CTCrGF, MTCrF, 

CTCrF, MTCrGF, MTCrTiG, CTCrTiR, CTF, CTCrTiG, and CTCrTiR than the 

control in the SR2020 season by 95, 93, 93, 93, 92, 92, 92, 92 and 88%. During 

LR2021, CTCrGF recorded the highest grain yield, which was 74% higher than 

the control, while CTCrGL, MTCrGF, MTCrGL, CTF, MTCrF, CTCrF, MTF, 

MTCrTiG, CTCrTiG, MTCrTiR, and CTCrTiR, had higher yields than the control 

by 73, 71, 70, 69, 69, 66, 65, 64, 58, 55 and 49%. The control treatment (C) had 

lower SMC (52.88 mm averaged across the sampling period) throughout the 

sampling periods during the seasons compared to the other treatments namely; 

MTCrGF, MTCrGL, CTCrGF, CTCrGL, MTCrTiR, CTCrTiG, and MTCrTiG of 

73.09, 71.01, 70.69, 70.06, 65.06, 64.52, and 61.15 mm, respectively, across the 

two seasons and sampling dates. The same treatments resulted in identical effect 

on water productivity. 

6.4 Recommendations and areas of further studies 

6.4.1 Recommendations 

i. The use of CTCrGF, CTCrTiG, CTCrTiR, MTCrGF, MTCrTiG, and MTCrTiR 

should be promoted as medium (5 years duration) and long-term (above 5 years 

duration) technologies to improve soil biological fertility; microbial biomass C, 

N, and P.  

ii. Based on the research findings, it is crucial for short-term and medium-term 

integrated soil fertility management (ISFM) studies to include evaluation of the 

effect of the technologies on microbial C, N, and P as quick and accurate 

assessment parameters. 
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iii. The utilization of MTCrTiG, CTCrTiG, CTCrGL, CTCrTiR, MTCrGF, CTCrGF, 

or MTCrTiR is recommended for enhanced N management due to their significant 

effects in improving mineralized N, NPFP, and ANR in a maize-based cropping 

system.  

iv. There should be limited use of default (model inbuilt values) parameters during 

model initialization and parameterization to improve its accuracy in simulating N 

mineralization under the selected ISFM technologies. Incorporating actual 

measurements of Soil Organic Matter (SOM) module components, such as C: N 

ratio, total organic carbon (OC), fresh soil microbial biomass, their products 

(FBiom), and a fraction of SOM that is inert (FInert) should be included in the 

Model. 

v. The ISFM technologies, especially CTCrGF and MTCrGF, should be promoted 

to manage P through improved P fractions, its sorption characteristics and PUE in 

Humic Nitisols. 

6.4.2 Areas for Further Research 

The following were identified as areas that require further research. 

i. A long-term study that assesses the effects of the selected ISFM 

technologies on soil aggregate stability. 

ii. Field assay to isolate and identify the specific microbes driving microbial 

biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial 

biomass phosphorus (MBP).  

iii. A long-term study to assess the impact of MTCrGL, MTCrTiG, CTCrTiG, 

CTCrGL, CTCrTiR, MTCrGF, CTCrGF, and MTCrTiR on nitrogen (N) 

residual effects. 

iv. Conduct a cost-benefit analysis, and evaluate the sustainability of 

MTCrGL, MTCrTiG, CTCrTiG, CTCrGL, CTCrTiR, MTCrGF, CTCrGF, 

and MTCrTiR technologies.  

v. A long-term study incorporating actual values of components within the 

SoilOrganicMatter module to further validate the accuracy of the APSIM 

model in simulating N mineralization. The study should include inputs with 
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different C:N ratios and modify the partitioning of C through the inclusion 

of an additional C pool or assigning different C pools based on their 

biochemical compositions. 

vi. Assessment of the effect of the selected ISFM technologies on N and P 

dynamics and crop productivity in other soil types to enhance adoption of 

the technologies in different regions. 
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APPENDICES 

Appendix I: Dates for Field Management Operations Carried Out during SR20 Cropping Season 

Treatment Tillage method Tillage date Sowing date Inorganic fertilizer application Organic fertilizer application Mulching 

C Conventional 10/10/2020 15/10/2020 - - - 

CTF Conventional 10/10/2020 15/10/2020 15/10/2020 - - 

CTCrF Conventional 10/10/2020 15/10/2020 15/10/2020 - 29/10/2020 

CTCrGF Conventional 10/10/2020 15/10/2020 15/10/2020 10/10/2020 29/10/2020 

CTCrGL Conventional 10/10/2020 15/10/2020 - 10/10/2020 29/10/2020 

CTCrTiG Conventional 10/10/2020 15/10/2020 - 10/10/2020 29/10/2020 

CTCrTiR Conventional 10/10/2020 15/10/2020 - 10/10/2020 29/10/2020 

MT Minimum 10/10/2020 15/10/2020 - - - 

MTF Minimum 10/10/2020 15/10/2020 15/10/2020 - - 

MTCrF Minimum 10/10/2020 15/10/2020 15/10/2020 - 29/10/2020 

MTCrGF Minimum 10/10/2020 15/10/2020 15/10/2020 10/10/2020 29/10/2020 

MTCrGL Minimum 10/10/2020 15/10/2020 - 10/10/2020 29/10/2020 

MTCrTiG Minimum 10/10/2020 15/10/2020 - 10/10/2020 29/10/2020 

MTCrTiR Minimum 10/10/2020 15/10/2020 - 10/10/2020 29/10/2020 
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Appendix II: Dates for Field Management Operations Carried out during LR21 Cropping Season 

Treatment Tillage method Tillage date Sowing date Inorganic fertilizer application Organic fertilizer application Mulching 

C Conventional 08/03/2021 18/03/2021 - - - 

CTF Conventional 08/03/2021 18/03/2021 18/03/2021 - - 

CTCrF Conventional 08/03/2021 18/03/2021 18/03/2021 - 03/04/2021 

CTCrGF Conventional 08/03/2021 18/03/2021 18/03/2021 08/03/2021 03/04/2021 

CTCrGL Conventional 08/03/2021 18/03/2021 - 08/03/2021 03/04/2021 

CTCrTiG Conventional 08/03/2021 18/03/2021 - 08/03/2021 03/04/2021 

CTCrTiR Conventional 08/03/2021 18/03/2021 - 08/03/2021 03/04/2021 

MT Minimum 08/03/2021 18/03/2021 - - - 

MTF Minimum 08/03/2021 18/03/2021 18/03/2021 - - 

MTCrF Minimum 08/03/2021 18/03/2021 18/03/2021 - 03/04/2021 

MTCrGF Minimum 08/03/2021 18/03/2021 18/03/2021 08/03/2021 03/04/2021 

MTCrGL Minimum 08/03/2021 18/03/2021 - 08/03/2021 03/04/2021 

MTCrTiG Minimum 08/03/2021 18/03/2021 - 08/03/2021 03/04/2021 

MTCrTiR Minimum 08/03/2021 18/03/2021 - 08/03/2021 03/04/2021 
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Appendix III: Observed and Simulated NH4-N (kg ha-1) under Different Treatments over Time during the SR20 Cropping System 

Treatment 
  Days after planting   

  0 15 30 45 60 75 90 105 

MTCrGF Observed 0.2 4.1 0.3 0.1 0.0 0.1 0.1 0.1 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change -0.1 -3.2 0.8 1.1 0.9 0.7 0.7 0.5 

CTCrGF Observed 0.2 4.0 0.1 0.1 0.0 0.2 0.1 0.1 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change -0.1 -3.1 1.0 1.1 0.9 0.6 0.7 0.5 

MTCrF Observed 0.1 2.7 0.1 0.0 0.0 0.0 0.0 0.0 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change 0.0 -1.8 1.0 1.2 0.9 0.8 0.8 0.6 

MTCrGL Observed 0.2 6.0 0.0 0.0 0.0 0.1 0.1 0.0 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change -0.1 -5.1 1.1 1.2 0.9 0.7 0.7 0.6 

CTF Observed 0.1 4.3 0.1 0.0 0.0 0.0 0.1 0.0 

 Simulated 0.2 1.0 1.1 1.2 0.9 0.8 0.8 0.6 

 Change 0.1 -3.3 1.0 1.2 0.9 0.8 0.7 0.6 

CTCrF Observed 0.1 2.5 0.1 0.1 0.0 0.1 0.1 0.1 

 Simulated 0.1 0.1 0.2 0.4 0.8 0.1 0.7 0.7 

 Change 0.0 -2.4 0.1 0.3 0.8 0.0 0.6 0.6 

CTCrTiG Observed 0.1 1.8 0.0 0.0 0.0 0.0 0.1 0.0 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change 0.0 -0.9 1.1 1.2 0.9 0.8 0.7 0.6 

CTCrGL Observed 0.2 0.6 0.0 0.0 0.0 0.1 0.1 0.0 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change -0.1 0.3 1.1 1.2 0.9 0.7 0.7 0.6 
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CTCrTiR Observed 0.0 4.3 0.1 0.1 0.0 0.0 0.1 0.0 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change 0.1 -3.4 1.0 1.1 0.9 0.8 0.7 0.6 

MTCrTiR Observed 0.2 0.6 0.2 0.0 0.0 0.1 0.1 0.0 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change -0.1 0.3 0.9 1.2 0.9 0.7 0.7 0.6 

MTF Observed 0.1 6.7 0.2 0.1 0.0 0.1 0.1 0.1 

 Simulated 0.2 1.0 1.1 1.2 0.9 0.8 0.8 0.6 

 Change 0.1 -5.7 0.9 1.1 0.9 0.7 0.7 0.5 

MTCrTiG Observed 0.1 1.0 0.0 0.0 0.0 0.1 0.0 0.1 

 Simulated 0.1 0.9 1.1 1.2 0.9 0.8 0.8 0.6 

 Change 0.0 -0.1 1.1 1.2 0.9 0.7 0.8 0.5 

MT Observed 0.1 1.7 0.1 0.1 0.0 0.1 0.1 0.0 

 Simulated 0.1 1.0 1.1 1.2 0.9 0.8 0.8 0.6 

 Change 0.0 -0.7 1.0 1.1 0.9 0.7 0.7 0.6 

C Observed 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.0 

 Simulated 0.1 1.0 1.1 1.2 0.9 0.8 0.8 0.6 

  Change 0.1 0.9 1.0 1.2 0.9 0.7 0.8 0.6 
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Appendix IV: Observed and Simulated NO3-N (kg ha-1) under Different Treatments over Time during the SR20 Cropping System 

Treatment 
  Days after planting  
  0 15 30 45 60 75 90 105 

MTCrGF Observed 0.1 0.5 0.1 0.1 0.2 0.1 2.2 1.1 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.0 6.7 8.1 

 Change -0.1 0.1 1.9 2.8 4.6 4.9 4.5 7.0 

CTCrGF Observed 0.2 0.4 0.1 0.3 0.1 0.2 1.6 1.5 

 Simulated 1.0 0.6 2.0 2.9 4.8 5.0 6.7 8.1 

 Change 0.8 0.2 1.9 2.6 4.7 4.8 5.1 6.6 

MTCrF Observed 0.3 0.2 0.2 0.2 0.2 0.2 1.2 1.2 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.0 6.7 8.0 

 Change -0.3 0.4 1.8 2.7 4.6 4.8 5.5 6.8 

MTCrGL Observed 0.1 0.6 0.1 0.2 0.1 0.2 1.1 2.1 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.0 6.7 8.0 

 Change -0.1 0.0 1.9 2.7 4.7 4.8 5.6 5.9 

CTF Observed 0.5 0.1 0.1 0.1 0.3 0.2 0.7 0.3 

 Simulated 0.5 1.0 2.5 3.2 5.0 5.2 6.8 8.2 

 Change 0.0 0.9 2.4 3.1 4.7 5.0 6.1 7.9 

CTCrF Observed 0.2 0.1 0.1 0.0 0.0 0.2 2.1 1.4 

 Simulated 0.0 0.0 0.0 0.1 1.3 0.0 0.9 2.4 

 Change -0.2 -0.1 -0.1 0.1 1.3 -0.2 -1.2 1.0 

CTCrTiG Observed 0.1 0.2 0.3 0.2 0.0 0.6 1.3 1.2 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.1 6.7 8.1 

 Change -0.1 0.4 1.7 2.7 4.8 4.5 5.4 6.9 

CTCrGL Observed 0.4 0.2 0.2 0.1 0.1 1.4 0.9 0.7 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.1 6.7 8.1 

 Change -0.4 0.4 1.8 2.8 4.7 3.7 5.8 7.4 
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CTCrTiR Observed 0.3 0.3 0.0 0.3 0.2 0.3 1.0 1.4 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.0 6.7 8.0 

 Change -0.3 0.3 2.0 2.6 4.6 4.7 5.7 6.6 

MTCrTiR Observed 0.2 0.1 0.2 0.2 0.0 0.1 0.4 1.7 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.0 6.7 8.0 

 Change -0.2 0.5 1.8 2.7 4.8 4.9 6.3 6.3 

MTF Observed 0.5 0.5 0.2 0.3 0.1 0.2 0.6 2.3 

 Simulated 0.5 0.9 2.1 3.1 4.9 5.2 6.8 8.1 

 Change 0.0 0.4 1.9 2.8 4.8 5.0 6.2 5.8 

MTCrTiG Observed 0.2 0.1 0.1 0.1 0.1 0.1 0.3 0.3 

 Simulated 0.0 0.6 2.0 2.9 4.8 5.0 6.7 8.0 

 Change -0.2 0.5 1.9 2.8 4.7 4.9 6.4 7.7 

MT Observed 0.2 0.1 0.1 0.0 0.2 0.2 0.1 0.1 

 Simulated 0.2 0.9 2.3 3.1 4.9 5.1 6.8 8.1 

 Change 0.0 0.8 2.2 3.1 4.7 4.9 6.7 8.0 

C Observed 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

 Simulated 0.1 0.8 2.3 3.1 4.9 5.1 6.7 8.1 

  Change 0.1 0.7 2.2 3.0 4.8 5.0 6.6 8.0 
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Appendix V: Observed and Simulated NH4-N (kg ha-1) under Different Treatments over Time during the LR21 Cropping System 

Treatment 
  Days after planting  
  0 15 30 45 60 75 90 105 

MTCrGF Observed 1.4 0.2 0.2 0.1 0.4 0.4 0.2 0.2 

 Simulated 0.1 0.6 1.3 1.7 1.7 1.6 1.1 0.7 

 Change -1.3 0.4 1.1 1.6 1.3 1.2 0.9 0.5 

CTCrGF Observed 1.1 0.1 0.4 0.1 0.5 0.3 0.4 0.2 

 Simulated 0.1 0.6 1.2 1.5 1.6 1.5 1.1 0.7 

 Change -1.0 0.5 0.8 1.4 1.1 1.2 0.7 0.5 

MTCrF Observed 1.3 0.5 0.2 0.2 0.2 0.2 0.2 0.1 

 Simulated 0.1 0.6 1.1 1.4 1.5 1.4 1.0 0.6 

 Change -1.2 0.1 0.9 1.2 1.3 1.2 0.8 0.5 

MTCrGL Observed 1.7 0.4 0.3 0.3 0.3 0.2 0.1 0.1 

 Simulated 0.2 0.7 1.3 1.6 1.6 1.6 1.1 0.7 

 Change -1.5 0.3 1.0 1.3 1.3 1.4 1.0 0.6 

CTF Observed 1.1 0.6 0.4 0.2 0.1 1.7 0.1 0.1 

 Simulated 1.1 1.2 1.3 1.3 1.3 1.2 0.9 0.6 

 Change 0.0 0.6 0.9 1.1 1.2 -0.5 0.8 0.5 

CTCrF Observed 2.5 0.4 0.4 0.2 0.1 0.2 0.2 0.1 

 Simulated 1.1 0.7 0.2 0.2 0.1 1.1 1.1 0.8 

 Change -1.4 0.3 -0.2 0.0 0.0 0.9 0.9 0.7 

CTCrTiG Observed 0.9 0.4 0.4 0.2 0.2 0.3 0.3 0.1 

 Simulated 0.1 0.6 1.2 1.5 1.6 1.5 1.1 0.7 

 Change -0.8 0.2 0.8 1.3 1.4 1.2 0.8 0.6 

CTCrGL Observed 1.8 0.6 0.3 0.3 0.1 0.2 0.1 0.2 

 Simulated 0.3 0.7 1.3 1.6 1.7 1.6 1.1 0.7 

 Change -1.5 0.1 1.0 1.3 1.6 1.4 1.0 0.5 
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CTCrTiR Observed 1.2 0.2 0.3 0.2 0.1 0.4 0.1 0.2 

 Simulated 0.1 0.6 1.2 1.5 1.5 1.5 1.0 0.7 

 Change -1.1 0.4 0.9 1.3 1.4 1.1 0.9 0.5 

MTCrTiR Observed 1.3 0.3 0.4 0.2 0.3 0.1 0.1 0.1 

 Simulated 0.1 0.6 1.2 1.5 1.5 1.5 1.0 0.7 

 Change -1.2 0.3 0.8 1.3 1.2 1.4 0.9 0.6 

MTF Observed 1.0 0.7 0.2 0.2 0.3 0.2 0.6 0.2 

 Simulated 0.9 1.1 1.3 1.3 1.3 1.2 0.9 0.6 

 Change -0.1 0.4 1.1 1.1 1.0 1.0 0.3 0.4 

MTCrTiG Observed 1.0 0.3 0.3 0.2 0.3 0.3 0.1 0.1 

 Simulated 0.1 0.6 1.2 1.5 1.5 1.4 1.0 0.6 

 Change -0.9 0.3 0.9 1.3 1.2 1.1 0.9 0.5 

MT Observed 0.8 0.5 0.1 0.1 0.3 0.2 0.2 0.2 

 Simulated 0.7 1.0 1.3 1.3 1.3 1.2 0.9 0.6 

 Change -0.1 0.5 1.2 1.2 1.0 1.0 0.7 0.4 

C Observed 0.3 0.3 0.2 0.1 0.1 0.1 0.1 0.0 

 Simulated 0.3 1.0 1.2 1.3 1.3 1.2 0.9 0.6 

  Change 0.0 0.7 1.0 1.2 1.2 1.1 0.8 0.6 
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Appendix VI: Observed and Simulated NO3-N (kg ha-1) under Different Treatments over Time during the LR21 Cropping System 

Treat* 
  Days after planting  
  0 15 30 45 60 75 90 105 

MTCrGF Observed 7.1 3.1 0.5 1.6 0.7 0.8 0.2 0.3 

 Simulated 7.0 0.3 1.1 2.4 4.7 5.8 8.2 9.9 

 Change -0.1 -2.8 0.6 0.8 4.0 5.0 8.0 9.6 

CTCrGF Observed 4.1 1.6 1.2 2.0 0.3 3.6 0.3 0.4 

 Simulated 3.7 0.3 1.0 2.3 4.4 5.4 7.6 9.3 

 Change -0.4 -1.3 -0.2 0.3 4.1 1.8 7.3 8.9 

MTCrF Observed 2.3 2.5 1.1 0.6 0.5 0.2 0.5 0.1 

 Simulated 2.2 0.2 0.9 2.1 4.1 5.0 7.2 8.7 

 Change -0.1 -2.3 -0.2 1.5 3.6 4.8 6.7 8.6 

MTCrGL Observed 5.5 2.5 2.0 0.9 0.7 0.4 0.3 0.2 

 Simulated 5.5 0.3 1.0 2.4 4.6 5.6 7.9 9.6 

 Change 0.0 -2.2 -1.0 1.5 3.9 5.2 7.6 9.4 

CTF Observed 3.5 2.6 2.9 0.7 0.8 0.2 0.2 0.3 

 Simulated 3.6 5.2 2.7 2.9 4.8 5.3 7.3 8.7 

 Change 0.1 2.6 -0.2 2.2 4.0 5.1 7.1 8.4 

CTCrF Observed 5.6 1.7 1.5 0.9 0.2 0.6 0.5 0.4 

 Simulated 5.7 0.3 0.0 0.0 0.0 0.7 2.7 4.4 

 Change 0.1 -1.4 -1.5 -0.9 -0.2 0.1 2.2 4.0 

CTCrTiG Observed 4.5 0.5 0.8 0.5 0.9 0.4 0.1 0.3 

 Simulated 3.9 0.3 1.0 2.3 4.4 5.4 7.7 9.3 

 Change -0.6 -0.2 0.2 1.8 3.5 5.0 7.6 9.0 

CTCrGL Observed 5.9 2.9 1.8 1.7 0.6 0.5 0.3 0.3 

 Simulated 5.9 0.3 1.0 2.4 4.6 5.6 8.0 9.7 

 Change 0.0 -2.6 -0.8 0.7 4.0 5.1 7.7 9.4 
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CTCrTiR Observed 3.1 1.3 0.3 1.4 1.2 0.2 0.3 0.2 

 Simulated 2.7 0.2 0.9 2.2 4.2 5.2 7.4 9.0 

 Change -0.4 -1.1 0.6 0.8 3.0 5.0 7.1 8.8 

MTCrTiR Observed 3.7 0.6 1.4 0.7 1.6 0.4 0.9 0.2 

 Simulated 3.5 0.3 0.9 2.2 4.2 5.2 7.4 9.0 

 Change -0.2 -0.3 -0.5 1.5 2.6 4.8 6.5 8.8 

MTF Observed 4.9 1.1 2.0 1.0 0.5 0.1 0.6 0.4 

 Simulated 5.0 6.4 3.1 3.1 4.9 5.4 7.4 8.9 

 Change 0.1 5.3 1.1 2.1 4.4 5.3 6.8 8.5 

MTCrTiG Observed 2.7 1.7 2.5 1.2 1.3 0.3 0.6 0.3 

 Simulated 2.3 0.2 0.9 2.1 4.2 5.1 7.3 8.8 

 Change -0.4 -1.5 -1.6 0.9 2.9 4.8 6.7 8.5 

MT Observed 3.9 0.6 0.3 0.3 0.1 0.2 0.1 0.1 

 Simulated 4.0 5.3 2.8 3.0 4.8 5.3 7.3 8.7 

 Change 0.1 4.7 2.5 2.7 4.7 5.1 7.2 8.6 

C Observed 1.3 0.2 0.4 0.2 0.2 0.0 0.1 0.2 

 Simulated 1.3 2.3 2.0 2.6 4.4 5.0 6.9 8.3 

  Change 0.0 2.1 1.6 2.4 4.2 5.0 6.8 8.1 
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Appendix VII: Soil pH (1:2.5 soil: H2O) under Different Treatments at the End of 

the Study 

Means with the same superscript letter(s) denote no significant difference at p < 0.05; C 

= Control, CTF = conventional tillage + inorganic fertilizer, CTCrF = conventional tillage 

+ maize residues + inorganic fertilizer, CTCrGF = conventional tillage + maize residues 

+ inorganic fertilizer + goat manure, CTCrTiR = conventional tillage + maize residues + 

Tithonia diversifolia + rock phosphate, CTCrGL = conventional tillage + maize residues+ 

goat manure + Dolichos lablab, CTCrTiG = conventional tillage + maize residues + 

Tithonia diversifolia + goat manure, MT = minimum tillage, MTF = minimum tillage + 

inorganic fertilizer, MTCrF = minimum tillage + maize residues + inorganic fertilizer, 

MTCrGF = minimum tillage + maize residues + inorganic fertilizer + goat manure, 

MTCrTiR = minimum tillage + maize residues + Tithonia diversifolia + rock phosphate, 

MTCrGL = minimum tillage + maize residues+ goat manure + Dolichos lablab, 

MTCrTiG = minimum tillage + maize residues + Tithonia diversifolia + goat manure, hsd 

= honestly significant difference pooled error bar. 
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Appendix VIII: Correlation Coefficients of Relationships between Different P Fractions 

.P fractions Resin-Pi NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po 

Sonic 

NaOH-Pi 

Sonic 

NaOH-Po HCl-Pi Residual-P 

Resin-Pi 1.00 0.83*** 0.25 0.75*** 0.07 0.75*** 0.70*** 0.60*** 0.36*** 

NaHCO3-Pi 0.83*** 1.00 0.21 0.87*** -0.03 0.74*** 0.56*** 0.33*۲ 0.26 

NaHCO3-Po 0.25 0.21 1.00 0.22 0.04 0.16 0.16 0.18 -0.01 

NaOH-Pi 0.75*** 0.87*** 0.22 1.00 -0.13 0.77*** 0.40**†† 0.32*۲۲ 0.13 

NaOH-Po 0.07 -0.03 0.04 -0.13 1.00 0.00 0.15 0.23 0.14 

Sonic NaOH-Pi 0.75*** 0.74*** 0.16 0.77*** 0.00 1.00 0.48*** 0.44*** 0.23 

Sonic NaOH-Po 0.70*** 0.56*** 0.16 0.40**†† 0.15 0.48*** 1.00 0.58*** 0.29*۲۲۲ 

HCl-Pi 0.60*** 0.33*۲ 0.18 0.32*۲۲ 0.23 0.44*** 0.58*** 1.00 0.25 

Residual-P 0.36**††† 0.26 -0.01 0.13 0.14 0.23 0.29 0.25 1.00 

NaHCO3-Pi = sodium bicarbonate-extractable inorganic P, NaHCO3-Po = sodium bicarbonate-extractable organic P, NaOH-P = sodium 

hydroxide-extractable Fe.Al-P, and HCl-Pi= hydrochloric acid-extractable Mg.Ca-P. *۲ p = 0.0122, *۲۲ p = 0.0163, *۲۲۲ p = 0.0282, **†† 

p = 0.0023, **††† p =  0.0060.
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Appendix IX: Correlation Coefficients of Relationships between Sorption 

Characteristics, PPF, and PAE 

Parameters Smax DPS k PPF PAE 

Smax 1.00 0.26 -0.51*** 0.10 0.10 

DPS 0.26 1.00 -0.12 -0.45** -0.45** 

k -0.51*** -0.12 1.00 -0.06 -0.06 

PPF 0.10 -0.45** -0.06 1.00 1.00*** 

PAE 0.10 -0.45** -0.06 1.00*** 1.00 

Smax = Maximum sorption capacity, DPS = Degrees of phosphorus saturation, ⱪ = bonding 

energy, PPF = partial productivity factors, PAE = phosphorus agronomic use efficiency. 

** p = 0.0012, *** p = 0.0001. 
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Appendix X: First Publication 
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Appendix XI: Second Publication 



218 

 

 


