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[bookmark: _Toc213215570]ABSTRACT
Declining soil fertility characterized by deficiency of both macro and micronutrients is a major challenge to sustainable wheat production. Integrating bio-stimulants such as Arbuscular Mycorrhizal Fungi (AMF) with inorganic fertilizers has been shown to have the potential to enhance wheat production by optimizing their mutual benefits. However, a combination of AMF and micronutrients has not been given the necessary attention, especially in low-input systems such as those dominant in sub-Saharan Africa. Thus, the current study was conducted in Uasin Gishu County, Kenya, for two seasons to evaluate the effect of integrating AMF with phosphorus (P) and copper (Cu) fertilizers on wheat grain yield, nutrient uptake, and use efficiency. Two levels of AMF (0 and 60 kg ha-1) were applied with three levels of P: 0 kg, 8.8 kg, and 17.6 kg ha-1, and three levels of Cu at 0 kg, 5 kg, and 10 kg ha-1. The experiment was conducted in an RCBD, and fertilizer treatments were applied in a factorial arrangement in the 2018 and 2019 long rains seasons. Results showed that while AMF did not have a significant impact on soil available P, available Cu increased by 32% - 40% compared to the control. AMF also enhanced P and Cu uptake by 27 - 30% and 24 - 38%, respectively. Furthermore, AMF boosted P and Cu uptake efficiency by 30 - 35% and 25 - 40%, respectively, whereas P and Cu use efficiency increased by about 15 - 31% and 18 - 35% above the plots without AMF, respectively. Co-application of P at 8.8 kg ha-1 and 60 kg AMF ha-1 recorded the highest wheat grain yield of 2.84 and 4.72 Mg ha-1 during the 2018 and 2019 long rain seasons, respectively. The study shows that the use of AMF could play a significant role in reducing the amount of inorganic fertilizers, which cuts down the cost of production to most smallholder farmers, but at the same time enhancing nutrient uptake and use efficiencies, and thus grain yield. This study recommends co-application of 60 kg ha-1 of AMF and 8.8 kg P ha-1 for optimal wheat yield and P nutrition in wheat. 
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[bookmark: _Toc211370658][bookmark: _Toc211425241][bookmark: _Toc213215577]INTRODUCTION
[bookmark: _Toc211370659][bookmark: _Toc211425242][bookmark: _Toc213215578]1.1 Background information
Wheat (Triticum aestivum L.) is the most widely grown cereal crop in the world (Shewaye, 2018). In Kenya, it is the second most important cereal grain, after maize, and is largely grown by large-scale farmers for commercial purposes (Gitonga et al., 2016). Wheat is mainly grown on Ferralsols, Acrisols, and Andosols in Uasin Gishu, Nakuru, Trans Nzoia, and Narok Counties (Gichangi et al., 2024). Total yield production in these regions has been on a gradual decline from 2013 to 2023 (FAOSTAT, 2024).  During this period, average wheat yield was 2.4 t ha-1 against a potential of 6.5 t ha-1 (Kamwaga et al., 2016). Total production in Kenya decreased from 449,641 tons in 2013 to 309,492 tons by 2023. Thus, wheat production is way below the optimal production and fails to satisfy the local demand (FAOSTAT, 2024).
Low wheat production in Kenya is mainly attributed to low and declining soil fertility, diseases (wheat rust, anthracnose, browning root rot, and bacterial blight), pests, erratic rainfall, and, more importantly, soil acidity (Tadesse et al., 2018). Soil acidity affects soil productivity through its impact on nutrient availability, such as phosphorus (P) becoming deficient, and elements like aluminum, iron, and manganese becoming toxic (Jackson & Meetei, 2018). A high level of acidity can cause a reduction of root growth, nutrient availability, stunted crop growth, and deterioration of the soil's physico-chemical and biological properties (Amanullah & Khalid, 2020; Usharani et al., 2019).
Most fertilizer-use research programs in Kenya have addressed the limitations of P and nitrogen (N) deficiencies on wheat production (Sileshi et al., 2022). However, these programs have failed to address site-specific variations in soil fertility and hence fertilizer demand. In Kenya, farmers have been applying the general blanket recommendation of 40 kg P2O5 ha-1 (Kamwaga et al., 2016), which may not be appropriate for high P-fixing soils, such as Ferralsols. In contrast, deficiencies of other nutrients, such as potassium (K) and copper (Cu), have been reported in high-potential wheat-growing regions, but negligible attention has been given to them. For instance, Cu deficiency has been reported as one of the limiting nutrients in wheat production in Narok and Nakuru counties (Kumar et al., 2021). In addition, deficiencies of P and Cu have been associated with increased disease attacks, lodging, yellowing, and curling of young leaves, delay in heading, aborted heads and spikelets, and head and stem bending in most of the wheat growing areas (Pandey et al., 2020; Singh, 2015). Further, in a study by Silvanus et al. (2014), while assessing the level of trace elements in the forage, Uasin Gishu was found to have very low levels of Cu.
In the recent past, Soil Scientists have been advocating for integrated fertilizer recommendations that incorporate organic, inorganic, and bio-fertilizers (Berruti et al., 2016). Such recommendations have been reported to be more economical and guarantee sustainable crop production and soil health. However, colonization of micro-organisms contained in the bio-fertilizers is specific to crops and soil conditions (soil pH and nutrient levels) (Chakraborty & Akhtar, 2021). Among the micro-organisms reported to improve nutrient availability, especially of P and Cu, are the Arbuscular Mycorrhiza fungi (AMF) (Singh et al., 2022). However, there is no existing information on the utilization of AMF in wheat production despite wheat being grown mainly in P-fixing soils such as Ferralsols, Andosols, Acrisols, among others, which are characterized by inherently low available P, high P sorption, and deficiencies of micro-nutrients such as zinc (Zn) and Cu (Keino et al., 2015; Raminoarison et al., 2020). Additionally, there has been a very negligible addition of these micro-nutrients, leading to nutrient mining (Roy & Roy, 2006). For example, on average, a wheat crop yielding about 4.6 Mg ha-1 mines about 0.15 kg Cu ha-1. It is estimated that 50% of agricultural land is Cu deficient (Moreira et al., 2022),  leading to yield and nutritional quality decline in both wheat grain and its derivatives, such as wheat flour and livestock feeds. 
[bookmark: _Hlk193442070]Inorganic fertilizers decrease crop yield, biological activity, and soil physical properties, and increase soil acidity when used continuously for a very long time, they reduce crop yield due to soil acidification and lack of appropriate micronutrients. This also affects nutrient uptake efficiency. While solving deficiency of P, and micronutrients such as Cu and Zn in wheat production, there is need to explore the potential of integrating biotrophic endophytic microorganisms such as arbuscular mycorrhizal fungi (AMF) with inorganic fertilizers, given their versatility and broad ecosystem advantages such as enhancing disease resistance, soil structure, nutrients and water use efficiency ( Chen et al., 2018; Rani et al., 2018). This could help optimize use of inorganic fertilizers by enhancing nutrients uptake and agronomic efficiencies, hence reducing fertilizer requirements by a crop. Some studies have proven the compatibility of AMF with wheat crop (Duan et al., 2021; Pellegrino et al., 2015; Rani et al., 2018), which could provide an opportunity for its integration in wheat nutrition programs. Despite the potential of such beneficial associations in addressing the decreasing wheat yield, there is still limited knowledge about how inorganic fertilizer-AMF combinations affect the yield of the crop, especially in the low-input systems such as those found in most Sub-Saharan African countries.
Thus, the aim of this study was to evaluate the influence of AMF integrated with P and Cu fertilizers on wheat yield and nutrient agronomic efficiencies in Ferralsols of Uasin Gishu County. We hypothesized that use of AMF reduces P and Cu fertilizer applications while optimizing their agronomic efficiencies.
[bookmark: _Toc140502564][bookmark: _Toc211370660][bookmark: _Toc211425243][bookmark: _Toc213215579]1.2 Statement of the problem  
Wheat is among the most important food security crops in Kenya, contributing significantly to protein and energy needs of both people and livestock. Industrially, the crop is largely used in the bakery and livestock feed industries (Snyder et al., 2025). However, its production has declined, leading to its importation to meet the local deficit. The decline in output has largely been attributed to low and declining soil fertility (Snyder et al., 2025). Particularly, P and Cu deficiencies have been reported to hinder the production of wheat in major wheat growing zones (Kamwaga et al., 2016). 
Phosphorus deficiency is widespread in Uasin Gishu County, due to its inherent low status and P fixation in acidic soils such as Ferralsols (Kisinyo et al., 2013).  Phosphorus is less available in acidic soils because it reacts with aluminum, iron, and/or manganese, which are more available in acidic soils. When phosphate reacts with these ions, the metal compounds formed are insoluble solids (such as aluminum phosphate); therefore, P cannot be absorbed by plants (Gemada, 2021; Wang et al., 2023). In essence, Al toxicity causes stunting in the plant root system (Panda et al., 2009; Sathyaseelan & Karthika, 2019), making it more sensitive to other abiotic stresses, and ultimately reducing crop yield (Waqas et al., 2019). In addition, copper as a nutrient has not been researched in the region despite its crucial roles in wheat physiology, such as enhancing tolerance to diseases and seed production. AMF has been used in solubilizing the unavailable P and Cu in acidic soils (Bagyaraj et al., 2015). The efficiency of AMF is reported to differ with crop type and species (Singh et al., 2024). 
Despite the above prevailing challenges of nutrient deficiencies and opportunities for integrating AMF in wheat nutrition, there is no existing integrated soil fertility package for optimal wheat production in Ferralsols. Lack of this information hinders optimization of wheat yield while reducing environmental pollution of major nutrients such as P.  Thus, there is a great need to assess the influence of AMF on P and Cu fertilizer requirements for optimal wheat production in Ferralsols.
[bookmark: _Toc211370661][bookmark: _Toc211425244][bookmark: _Toc213215580]1.3 Justification of the study
The agricultural sector plays a critical role in achieving the Sustainable Development Goals (SDGs) and Vision 2030. Increasing the production of key food crops such as wheat would contribute to food and nutritional security in the country, in addition to wealth and job creation, given its uses in the food and feed industries (Grote et al., 2021). This realization is being hampered by declining wheat yields (FAOSTAT, 2024) majorly attributed to declining soil fertility (Kamwaga et al., 2016). It is against this backdrop that efforts should coalesce around finding better ways to truncate this trend.  
Deficiencies of nutrients such as P and  Cu have been reported in the main wheat growing zones (Kamwaga et al., 2016).  With these rising rates of soil chemical degradation, there is a need for more research focusing on balanced nutrition. Many studies on soil fertility improvement focus on macro-elements such as N, P, and K, disregarding the micro-elements such as copper (Anderson et al., 2013) while the application of copper fertilizers has been reported to increase yields by 1.4 t ha-1 in other parts of the world  (Rahman et al., 2020).
[bookmark: _Hlk204090982]Diminishing reservoirs of phosphate rocks upon rising P deficiency in most soils threaten sustainable crop production currently and in the future (Kisinyo & Opala, 2020). Thus, integrated soil fertility management practices that improve P use efficiencies such as integrated use of bio and inorganic fertilizers offer a solution to this challenge. The use of organisms such as AMF has been reported to improve P use efficiency and thus improve the production of key crops such as maize, soybeans, tomatoes, and potatoes (Etesami et al., 2021). This could be extended to cereal crops such as wheat.
[bookmark: _Toc528836299][bookmark: _Toc140502565]Therefore, this research will focus on the use of AMF to increase phosphorus and copper use efficiency to improve sustainable wheat production in Ferralsols of Uasin County.
[bookmark: _Toc211370662][bookmark: _Toc211425245][bookmark: _Toc213215581]1.4 Objectives
[bookmark: _Toc211370663][bookmark: _Toc211425246][bookmark: _Toc213215582]1.4.1 General objectives
To improve the potential of AMF in increasing phosphorus and copper use efficiency on wheat grown in Ferralsols of Uasin Gishu County.

[bookmark: _Toc140502566][bookmark: _Toc211370664][bookmark: _Toc211425247][bookmark: _Toc213215583]1.4.2 Specific objectives
1. To determine the effect of phosphorus, copper, and Arbuscular Mycorrhizae Fungi on soil available P and Cu in Ferralsols of Uasin Gishu County
2. To evaluate the effect of phosphorus, copper, and Arbuscular mycorrhizae fungi on P and Cu uptake, uptake efficiency, and use efficiency in Ferralsols of Uasin Gishu County
3. To evaluate the effect of phosphorus, copper, and Arbuscular Mycorrhizae Fungi on wheat straw and grain yield in Ferralsols of Uasin Gishu County.
[bookmark: _Toc140502567][bookmark: _Toc211370665][bookmark: _Toc211425248][bookmark: _Toc213215584]1.5 Hypothesis
1. Application of P, Cu, and AMF significantly increases soil P and Cu availability in Ferralsols.
2. Application of P, Cu, and AMF significantly increases P and Cu uptake, uptake efficiency, and use efficiency in wheat grown in Ferralsols.
3. Application of P, Cu, and AMF significantly increases grain and straw yield of wheat in Ferralsols.












[bookmark: _Toc140502568][bookmark: _Toc211370666][bookmark: _Toc211425249][bookmark: _Toc213215585]CHAPTER TWO
[bookmark: _Toc140502569][bookmark: _Toc211370667][bookmark: _Toc211425250][bookmark: _Toc213215586]LITERATURE REVIEW
[bookmark: _Toc211370668][bookmark: _Toc211425251][bookmark: _Toc213215587][bookmark: _Toc140502570]2.1 Wheat production 
[bookmark: _Toc213215588]2.1.1 Production of wheat
Wheat (Triticum aestivum L) is the most extensively grown cereal crop in the world, covering about 237 million hectares annually, accounting for a total of 420 million tons (Mitura et al., 2023). More than one-third of the world's population feeds on wheat  (Mwangi et al., 2021). It is the second most important cereal grain in Kenya, after maize. The crop is grown largely for commercial purposes on a large scale. Wheat-growing areas in Kenya include the scenic Rift Valley regions of Uasin Gishu, Narok, Marakwet, Elgeyo, Londiani, Molo, Nakuru, and Timau (Mwangi et al., 2021). These areas have altitudes ranging between 1200m and 1,500m above sea level, with annual rainfall varying between 800 mm and 2,000 mm, with up to 2,500 mm on higher grounds (Kamwaga et al., 2016). 
[bookmark: _Toc213215589]2.1.2 Cultivation of wheat
Wheat grows well in temperatures between 10 to 24 °C, while higher temperatures above 35 °C stop photosynthesis and growth; at 40 °C, the crop dies off (Khan et al., 2020).  For good performance, rainfall of 700 mm to 1000 mm, well distributed during the growing season, is necessary for wheat production. Depending on wheat varieties, the crop has a growing period that ranges between 130 and 190 days and thrives best in regions with an altitude of between 1800 to 2400 m asl. Wheat is propagated by seed. Sowing depth varies from 2 to 12 cm, with deeper planting required in dry conditions. Seed varies from 100-150 kg ha-1, resulting in 250-300 plants/m2, depending on the variety (Nandi et al., 2018). At maturity, wheat is harvested and dried to a moisture content of about 13% for general commercial purposes.
Wheat grows in fertile and well-drained soils with a pH range of 5.5 to 6.5 (Basera & Soko, 2019). Loamy to sandy loam soil texture is ideal for its optimum growth. Amounts of nutrients required for wheat can be derived from soil testing and nutrient removal by grains and straw. Wheat absorbs an average of 200 kg N, 24.2 kg P, 209.16 kg K, 27 kg Ca, 19 kg Mg, 22 kg S, 1.8 kg Fe, 0.5 kg Zn, 0.5 kg Mn, and 0.15 kg Cu ha-1 to produce 6.7 t ha-1 of grains. The proportion of nutrients absorbed that end up in the grains is 70% in the case of N and P, and 20–25% in the case of K (Roy  et al., 2006). Unfortunately, there is no information on the micronutrients absorbed that end up in the grain. More than 80% of the nutrients are taken up by the ear emergence. The nutrient requirement varies considerably depending on soil fertility, climate conditions, cultivar characteristics, and yields (Kihara et al., 2022; Patel et al., 2025).
[bookmark: _Toc213215590]2.1.3 Constraints to wheat production
The wheat sub-sector in Kenya has faced challenges that have resulted in slow growth and has not been able to favorably compete regionally and globally. The high cost of production, lack of credit, and inappropriate production technologies characterize wheat production in Kenya. These constraints make wheat production a high-cost crop, making the country a destination for imported wheat (Mwangi et al., 2021).
[bookmark: _Toc140502571]Despite Uasin Gishu being one of the high-potential regions for wheat production, there has been a reduction in cereal grain production due to unpredictable weather, particularly rainfall, declining soil fertility, diminishing land sizes as a consequence of rapid population growth, low and unsustained market prices for the produce, and poor crop husbandry (Snyder et al., 2025). High costs of inputs, inorganic fertilizers, diseases, weed infestation, and poor crop husbandry also contribute to low grain yields in the county (Mwangi et al., 2021). In addition to the above constraints, the wheat crop in this county is mainly grown on Ferralsols, which are characterized by high soil acidity (low pH) and low nutrient levels (Shisia et al., 2013).
[bookmark: _Toc211370669][bookmark: _Toc211425252][bookmark: _Toc213215591]2.2 Role of phosphorus in crop nutrition
Phosphorus is a major element derived from the weathering of minerals in parent rock material. It is usually the second most limiting nutrient after nitrogen (Nadeem et al., 2014). It is an important nutrient required by plants as it affects the key metabolic processes such as cell division and development, signal transduction, photosynthesis, respiration, and energy transport ( Khan et al., 2013). Its other important functions in plants are: seed production, root growth, promoting early plant maturity, stalk strength, and helping in resistance to root rot diseases.
Phosphorus accumulates in soil mostly in inorganic forms under cropping systems, and accumulates in both inorganic and organic forms (Muindi, 2019). Phosphorus is an essential nutrient for plant growth, but often present in forms that are unavailable to plants in many soils (Malhotra et al., 2018). Johan et al. (2021)  reported that soil P availability to plants is low because P reacts with iron (Fe), Aluminum (Al), and Calcium (Ca) in the soil to form insoluble phosphates.
Phosphorus is absorbed in a plant through root hairs, tips, and the outermost layers. Uptake is also facilitated by mycorrhizal fungi that grow in association with the roots of many crops. It is taken up mostly as the primary orthophosphate ion (H2PO4 -) while some is absorbed as secondary orthophosphate (HPO4 2-). This increases as the soil pH increases (Hanyabui et al., 2020). Phosphorus is the least mobile nutrient in the soil compared to other macronutrients and frequently limits crop growth (Solangi et al., 2023). It is immobile within plants, and deficiency symptoms are first expressed on older leaves. Phosphorus deficiency symptoms include purple leaf coloration, stunted roots, stunted growth, and arrested physiological development (Mishra et al., 2024). 
Plants develop an efficient transport system to absorb Pi from soils into root cells, to cope with the low concentration of Pi in the soils. Phosphate Transport 1 (PHT1) is a group of plasma membrane-localized transporters (Fang et al., 2024).
[bookmark: _Toc140502573][bookmark: _Toc211370670][bookmark: _Toc211425253][bookmark: _Toc213215592]2.3 Role of copper (Cu) in crop nutrition
Micro nutrient deficiencies in crop plants have become important due to the growing population in the world, which is affected by the lower level of micro nutrients in human food (Assunção et al., 2022). Poor content of essential nutrients and micronutrients in grains of modern high-yielding wheat cultivars is recognized (Saquee et al., 2023). Copper is an essential micronutrient for the healthy growth of crop plants, and its essentiality (Xu et al., 2024) or mobility in the plant, so the youngest leaf will show deficiency symptoms first. It is immobile in the soil and enters the plant as the roots come in contact with copper. Sufficient supply and concentration in the root zone are both important for adequate plant growth (Pradeep & Aishwarya, 2023).
Copper is essential for enzymatic functions, photosynthesis, chlorophyll development, protein formation from amino acids, and provides rigidity to plants by strengthening their cell walls. In plants, Cu is essential for more than 30 enzymes that act as redox catalysts, like nitrate reductase, and cytochrome oxidase, or act as a dioxygen carrier, like hemocyanin (Mir et al., 2021). Copper also influences the metabolic processes of plant-like photosynthesis and respiration in pollen capability (Kumar et al., 2021). Its deficiency increases the infertility of spikelets in a lot of unfilled grains (Wae et al., 2022). However, copper availability can be limited in certain soil types (Ballabio et al., 2018).
[bookmark: _Toc140502574][bookmark: _Toc211370671][bookmark: _Toc211425254][bookmark: _Toc213215593]2.4 Role of Arbuscular Mycorrhizae Fungi (AMF) in crop growth and nutrition
The Association of AMF (Phylum Glomeromycota) with plants is important in the ecosystem (Stürmer & Kemmelmeier, 2021). They form a symbiosis with the plant and colonize more than 80% of vascular plants (Khaliq et al., 2022). Arbuscular mycorrhizal fungi form a symbiotic relationship with the roots of wheat plants (Gabardi et al., 2022). The fungi extend their hyphae into the soil, increasing the surface area for nutrient absorption, particularly phosphorus and other nutrients like copper and zinc, which are limiting in soils (Busso & Busso, 2022). AMF also provides several ecosystem services, including an increase in plant growth and nutrition (Fall et al., 2022). The mycorrhizal colonization of the root cortex and the external mycelia (Fig. 2.1) produced in the soil by AMF act as access routes for plants to uptake low-mobility nutrients, phosphorus (P), resulting in increased nutrient absorption and plant growth (Khaliq et al., 2022). 
The other functions attributed to AMF include the production of plant growth hormones, increasing levels of cytokinins and gibberellins, which are responsible for cell division, stem elongation, and seed germination (Chourasiya et al., 2022). The fungal hyphae protect host roots from pathogens, and uptake of heavy metals by blocking the excessive plant's uptake of levels of zinc, cadmium, and manganese from the soil.
 They also excrete glomalin, protein molecules, which act like glue, causing soil particles to stick together, or aggregate. Thus, it has a positive effect on the soil structure by inducing and increasing the stability of soil aggregates  and quality, as well as decreasing erosion (Dhalaria et al., 2020; Fall et al., 2022; Jamiołkowska et al., 2021; Khaliq et al., 2022). Inoculation with AMF spores has recently been shown to increase plant growth (Berruti et al., 2016) and the expression of nitrate and phosphate transporter genes in wheat roots (Saia et al., 2015).
[image: ]  

[bookmark: _Toc212972600][bookmark: _Toc212973819]Figure 1: The main cellular features of the Arbuscular endomycorrhiza, adapted from (Moore et al., 2020).

The fungal hyphae produce large spores called chlamydospores. The spores germinate near a plant root, and the hyphae penetrate the root in response to root exudates. These hyphae grow in the root tissues and the root cortex branches, forming appressoria that penetrate the plant cells (Ebbisa, 2022). Plants absorb nutrients and water through their fine root hairs, but the mycorrhizal relationship increases their absorption by providing fungal hyphae. The fungal hyphae have three advantages over the plant’s root hairs: i) they reach further out into the soil as they are smaller than the root hairs, ii) they can get into small spaces that the root hairs cannot, iii) the hyphae also cover more area than the root hairs, thereby attracting more nutrients and water than the root hairs (Pang et al., 2024).
Hyphae also promote the growth of bacteria that can extract phosphorus from organic matter and pass it on to the plant. The P is supplied and increases through plant roots via the phosphate transporters' surface area of plant roots for improved uptake of water and nutrients (Torres et al., 2024). This is the most well-known nutrient benefit, but the hyphae also increase the plant’s uptake of other nutrients potassium, copper, iron, nickel, sulfur, and zinc (Etesami et al., 2021).
[bookmark: _Toc211370672][bookmark: _Toc211425255][bookmark: _Toc213215594]2.5 Phosphorus nutritional requirements in wheat
Phosphorus plays an important role in plant growth and development of plants (Khan et al., 2023). Fertilizer requirements for optimal wheat production differ according to soil type and climate.  Application of phosphatic fertilizers along with the selection of a suitable variety can improve phosphorus fertilizer efficiency and enhance the yield. Several studies show the importance of the use of phosphatic fertilizers. For example, a study by  Gedamu et al (2022) reported that use of 20 kg P ha-1 was the recommended yield response rate for wheat production. Other studies have shown that Nitisols in the highlands are P deficient and that a recommendation of 40 kg P ha−1 could be made for the first year of application, as it gave the best response (Agegnehu et al., 2015). Zhu et al.,(2012) observed that a rate of 108 kg P ha-1 produced the maximum grain yield of weak-gluten wheat. Other studies showed that when phosphorus was applied at 120 kg ha-1, it produced a high wheat grain yield per hectare (Adnan et al., 2020) and a study by  Ali et al. (2020) reported that 90 kg P ha-1 produced a maximum wheat grain yield of 3955 kg ha-1 in calcareous soil. 
 Phosphorus is crucial in the metabolism of plants, playing a role in cellular energy transfer, respiration, and photosynthesis. It is also a structural component of the nucleic acids of genes and chromosomes of many co-enzymes, phosphoproteins, and phospholipids (Malhotra et al., 2018;  Muindi, 2019).  Phosphorus helps roots and seedlings develop more rapidly, promotes early and uniform heading, and hastens crop maturity. It is vital for seed formation and quality, and increases water use efficiency (Hall, 2025). 
Wheat produces two kinds of stems: the main stem and a variable number of tillers. The kinds and numbers of tillers developed by the wheat crop are determined early in the growing season. Phosphorus deficiency can create stresses that reduce the initiation of tillers. On nutrient-deficient soils, phosphorus fertilization increases phosphorus uptake. Available phosphorus from soil or fertilizer may account for more than 50 percent of the total phosphorus in the plant.   It has been estimated that P deficiency reduces the crop yield by 30-40% of the arable land (Malhotra et al., 2018).
Phosphorus is responsible for about 75 percent of adventitious root development. Adventitious roots grow from the crown as a complement to each new tiller added and dominate the root mass of mature wheat plants.  P deficiency leads to the inhibition of the initiation of T1 and T2 tillers (Adnan et al., 2020). A wheat plant lacking phosphorus is stunted, has poor root growth, and has few tillers. Phosphorus deficiency hampers most physiological processes in the plant, including cell division, photosynthesis, retarded plant growth, and reduced root hydraulic conductance and nutrient and moisture uptake (Salim & Raza, 2020). The production of cereals throughout the world relies on the use of fertilizers to correct natural deficiencies of plant essential elements in the soil and to replace elements that are removed in the products harvested (Pahalvi et al., 2021). The amount and quality of food produced using phosphate reserves can be increased by improving the P fertilizer use efficiency (Ludewig et al., 2019). 
Wheat has a high demand for phosphorus and hence takes up phosphorus throughout the growing season (Yi et al., 2023). An average crop removes about 0.101 kg of P for every 27 kg of harvested grains. But when yields are pushed to high levels, phosphate removal can exceed 0.14 kg P per 27 kg of harvested grains. About 60 to 70 percent of the phosphorus uptake by wheat occurs before flowering, so it is important to have a good supply available early in the growing season. Wheat crop growth and yield are significantly influenced by phosphorus  (Havlin et al., 2016). The early stages of the wheat crop require phosphorus for proper growth and a good yield. An adequate amount of phosphorus enhances the root growth and seedling establishment of wheat crops. Phosphorus, as a basic nutrient, plays a vital role from the seedling to the mature stage of the plant, also improves the wheat crop tillering stage and brings uniformity at the heading stage (Yi et al., 2023). It also increases the water use efficiency of crop plants, which ultimately increases the wheat's potential for grain yield (He et al., 2019).
[bookmark: _Toc211370673][bookmark: _Toc211425256][bookmark: _Toc213215595]2.6 Copper (Cu) nutritional requirements in wheat
Copper is an enzyme activator essential for protein production in plants (Chen et al., 2022).  Copper deficiency also affects pollen production, leading to grain filling being restricted, as pollen sterility causes uneven or failure of grain set (Pradeep & Aishwarya, 2023). Several studies have shown how the application of Cu leads to an increase in wheat grain yield. Malhi & Karamanos (2014) reported an increase in wheat grain when Cu fertilizer was used in a Cu deficient soil. Another study showed that the increase in concentration and uptake of Cu in grain from Cu fertilization increased grain yield (Malhi et al., 2004). Kumar et al. (2009)  showed that the wheat grain yield at 1.5 mg kg -1 Cu was enhanced by 62.9% from the control in the alluvial soil.  A study by  Zewide & Sherefu (2021). Additionally, it showed that the use of Cu increased grain yields.
Wheat is highly responsive to copper applications at the flag leaf emergence stage. Copper is also essential for pollination and pollen tube formation; it also contributes to a wheat plant’s immune system and improves plant health. Copper is immobile in the soil and so plant uptake is by direct root interception (Xu et al., 2024).
Copper is also essential in many plant enzymes and for lignification, which gives a plant its structural strength. Copper-deficient plants can have weak stems and limp leaves. Grain filling is restricted, as pollen sterility causes uneven or failure of grain set. Copper deficiency can be confused with moisture stress, frosting, or molybdenum deficiency symptoms (Pradeep & Aishwarya, 2023). Copper is in most demand by the plant from tillering; applying copper to the seed is not recommended. It is applied as part of a blended fertilizer or as a foliar spray (Kumar et al., 2021).
[bookmark: _Toc211370674][bookmark: _Toc211425257][bookmark: _Toc213215596]2.7 Nutrient Use Efficiency (NUE)
Nutrient use efficiency (NUE) is a measure of how effectively plants utilize available mineral nutrients to produce biomass or yield (Sarkar & Baishya, 2017). It is important to optimize fertilizer application, reduce negative environmental impacts, and improve crop productivity. Multiple biological, physiological, and environmental factors influence NUE (Andualem et al., 2024). It not only depends on how effectively a plant absorbs nutrients from the soil, but also on nutrient transport, storage, remobilization, and utilization within the plant (González-Fontes et al., 2017). 

[bookmark: _Toc140502577][bookmark: _Toc211370675][bookmark: _Toc211425258][bookmark: _Toc213215597] 2.7.1 Phosphorus use efficiency (PUE)
Phosphorus use efficiency is the product of P uptake efficiency and P utilization efficiency (Meena et al., 2022). It measures the amount of grain produced (mg/plant) per unit of available P in the soil (mg/plant). To enhance the PUE of applied P fertilizer, the time and method of its application are important because different P application methods differ in PUE (Campos et al., 2018; Meena et al., 2022). Phosphorus fertilizers are incorporated before sowing of the crop, resulting in the conversion of soluble P to insoluble forms and thus reducing their use efficiency (Guelfi et al., 2022).
Han et al. (2022) and Havlin & Heiniger (2020) noted that P utilization efficiency is very low in soils due to its low solubility and mobility. Under low P status, it is important to apply P to the soil at the beginning of the wheat growth cycle to provide essential P for early growth and to replace P removed. Low P added at planting may provide sufficient P until tillering, but an increase in yield potential may require additional P. The PUE of fertilizers is low in the year of application. Pang et al. (2024) and Ampong et al. (2024) showed that continuous slow-release P products may help improve PUE in soils where leaching is a problem. Thus, modification of soil chemistry around the fertilizer granule and better placement of P also offer promise to increase PUE (Meena et al., 2022).

PUE % = Total P uptake kg ha-1 in fertilized – Total P uptake kg ha-1 control plot x 100%
				P dose applied kg ha-1
(Adapted from Fageria et al., 1997)
[bookmark: _Toc211370676][bookmark: _Toc211425259][bookmark: _Toc213215598][bookmark: _Hlk201566464]2.7.2 Copper use efficiency (CUE)
Copper (Cu) use efficiency in plants refers to how effectively a plant absorbs, utilizes, and conserves copper for its physiological and biochemical functions (Xu et al., 2024)
 Copper exists in the two oxidation states Cu1+ and Cu2+, and can interchange between these forms, with monovalent copper being unstable. This is the form in which plants take up Cu, and the mobility of these ions is dependent on soil properties such as pH and organic matter. (Kumar et al., 2021). The most common oxidation state of copper is a cupric ion, and, in the soil, Cu is present as free ions, precipitated forms, exchangeable forms, organic forms, and residual forms. Copper also accumulates mostly in the topsoil, as it is less mobile in the deeper soil layers (due to its high density). (Pradeep & Aishwarya, 2023). 
Copper sulfate is the preferred source of copper fertilizer because of its low cost compared to chelated sources. Soil application of copper before seeding is the most common method. (Madhupriyaa et al., 2024). Copper fertilizer can be broadcast or banded with nitrogen, phosphorus, and potassium fertilizers (Saquee et al., 2023). Copper use efficiency is improved if the fertilizer is water soluble and the particle size of the fertilizer is small. A single application of copper can last for many years. Foliar application of copper can also be an effective way to correct copper deficiency in small grains and vegetable crops (Brodowska et al., 2024; Moreira et al., 2022).
 The Phyto-availability of copper depends on soil properties and plant-specific factors, which regulate Cu mobility and availability in the soil (Shabbir et al., 2020). Copper uptake from the root involves a mechanism of reductive uptake of Cu+ from Cu+2 at the root cell surface. Cu+2 chelate reductase enzyme reduces Cu+2 at the surface of the root. Through COPT transporters, a major family protein, Cu transportation is regulated in reduced form ( Kumar et al., 2021; Sayen et al., 2019; Xu et al., 2024).
Plants absorb minimal quantities of Cu; plants are therefore required to chemically reduce and solubilize this mineral to absorb sufficient Cu for proper growth. Under Cu deficient conditions, the SQUA MOSA promoter binding protein-like7 (SPL7) upregulates the gene expression of Cu transport proteins for efficient uptake of Cu from soil. At optimum Cu concentration, SPL7 is partially active for the uptake of the required quantity of Cu. Moreover, SPL7 induces different microRNA (miRNA), laccases, and plantacyanin to maintain Cu levels by reducing the utilization of Cu by target cells and tissues in plants (Mir et al., 2021).

CuUE (mg – 1) = Seed yield with Cu – Seed Yield without CU
Amount of Cu applied
(Adapted from Fageria et al., 2015)
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[bookmark: _Toc211370679][bookmark: _Toc211425262][bookmark: _Toc213215601]3.1 Study site 
The experiment site was located at the University of Eldoret, Uasin Gishu County, which lies between 0°03"S, 34°50" E and 0°55"N, 35°37"E (Fig. 3.1). Uasin Gishu is a highland plateau with altitudes ranging from 1500 to 2100 meters above sea level. The area receives an average annual rainfall of 900 to 1200 mm, with a nearly unimodal rainfall distribution pattern that peaks from May to August (Fig. 3.2). The temperature ranges from 25 ºC to 32 ºC. The soils in the experimental site are classified as Rhodic Ferralsols according to the FAO/UNESCO classification (Jaetzold et al., 2010).
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[bookmark: _Toc212972601][bookmark: _Toc212973820]Figure 2: Study area map showing Uasin Gishu county and the University of Eldoret. 
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[bookmark: _Toc212972602][bookmark: _Toc212973821]Figure 3: Monthly rainfall during the 2018 and 2019 cropping seasons
[bookmark: _Toc211370680][bookmark: _Toc211425263]
[bookmark: _Toc213215602]3.2 Sampling and characterization of the study site soil
[bookmark: _Toc140502586][bookmark: _Hlk202361765]Soil samples from the study site were taken at 20cm depth from the experimental plot before treatment application, air-dried, sieved through a 2 mm and 0.25 mm sieve, and analyzed for soil characterization (pH, available P, total nitrogen, exchangeable cation, and Cu) according to Okalebo et al. (2002). Soil physical and chemical properties of the experiment site at 0-20cm depth are given in Table 2. The soils had a sandy clay loam texture, moderately acidic (5.0) with notable deficiencies of available P (8.26 mg P kg-1) and Cu (1.20 mg kg-1). Concentrations below 14 and 2 mg kg-1 of P and Cu in soils, respectively, indicate deficiencies of these elements (Moreira et al., 2022; Okalebo et al., 2002; (Wu et al., 2018).



[bookmark: _Toc212820281][bookmark: _Toc212919415][bookmark: _Toc212973812]Table 1: Soil characteristics of the surface horizon (0 - 20 cm) before start of the experiment
	Soil physico-chemical properties
	Values

	Sand (%)
	68

	Clay (%)
	22

	Silt (%)
	10

	Textural class
	Sandy clay loam

	pH (H20)
	5.0

	Total Nitrogen (%)
	0.2

	Available P (mg kg-1)
	8.3

	Copper (mg kg-1)
	1.2

	Organic Carbon (%)
	1.8

	C: N ratio
	9.1


According to Okalebo et al. (2002).

[bookmark: _Toc211370681][bookmark: _Toc211425264][bookmark: _Toc213215603][bookmark: _Toc140502588][bookmark: _Hlk184385796]3.3 Treatments and experimental design
Land preparation was done by ploughing to a depth of 15-20 cm using a hand hoe. The experiment was established in 2 m × 2 m plots with 8 rows of wheat. A 0.5 m strip separated the width and length of each plot. The seeds were drilled by hand at the recommended spacing of 25 cm between rows on 18th July 2018 and 4th June 2019 in the two seasons. The field experiment comprised of 18 treatments. Phosphorus was applied at three levels (0 kg, 8.8 kg, and 17.6 kg P ha-1) using Triple Super Phosphate, while copper was applied at three levels (0 kg, 5 kg, and 10 kg Cu ha-1) using analytical grade copper (II) sulphate. AMF was applied at two levels (0 kg and 60 kg ha-1) (Mukhongo et al., 2015) using Rhizatech® biofertilizer (Dudutech Ltd., Kenya), which majorly contains Rhizophagus irregularis, an arbuscular mycorrhizal fungus used as a soil inoculant. The different levels 
[bookmark: _Toc212820282][bookmark: _Toc212919416][bookmark: _Toc212973813]Table 2: Treatment Combinations
	Treatment abbreviation
	Treatment descriptions

	T1
	0 kg P and Cu ha-1

	T2
	60 kg AMF ha-1

	T3
	8.8 kg P ha-1

	T4
	17.6 kg P ha-1

	T5
	8.8 kg P ha-1 + 60 kg AMF ha-1

	T6
	17.6 kg P ha-1 + 60 kg AMF ha-1

	T7
	5 kg Cu ha-1

	T8
	10 kg Cu ha-1

	T9
	5 kg Cu ha-1 + 60 kg AMF ha-1

	T10
	10 kg Cu ha-1 + 60 kg AMF ha-1

	T11
	8.8 kg P +5 kg Cu ha-1

	T12
	8.8 kg P +10 kg Cu ha-1

	T13
	8.8 kg P + 5 kg Cu ha-1 + 60 kg AMF ha-1

	T14
	8.8 kg P + 10 kg Cu ha-1 + 60 kg AMF ha-1

	T15
	17.6 kg P +5 kg Cu ha-1

	T16
	17.6 kg P +10 kg Cu ha-1

	T17
	17.6 kg P + 5 kg Cu ha-1 + 60 kg AMF ha-1

	T18
	17.6 kg P + 10 kg Cu ha-1 + 60 kg AMF ha-1




of P, Cu, and AMF were combined as shown in Table 2. In addition to these treatments, N was applied at a rate of 46 kg ha-1 to all the plots. The wheat variety used in the study was Njoro BW2, sown at a seed rate of 125 kg ha-1. This variety was chosen due to its tolerance to acidic soils and resistance to lodging. The treatments were arranged in a Randomized Complete Block Design (RCBD) and replicated three times. Weeding was done twice in each season; no disease and pest management was done during the seasons. Wheat was harvested at physiological maturity and dried to a moisture content of 13%.
[bookmark: _Toc211370682][bookmark: _Toc211425265][bookmark: _Toc213215604]3.4 Experimental layout
The treatments were laid down as shown in the experimental layout shown in Fig. 3.3.  There were three (3) replicates for this study, where each replicate comprised of eighteen (18) treatments (Table 2). There was a total of 54 plots for the study. 
[bookmark: _Toc211370683][bookmark: _Toc211425266][bookmark: _Toc213215605]3.5 Sampling and nutrient analysis of soil from experimental plots
8

[bookmark: _Hlk202361859]Soils were sampled from each plot (0-20 cm), before treatment of the plot and after harvesting, air-dried, and sieved through a 2 mm mesh. The samples were analyzed for available P (Olsen method) and Cu (1% EDTA) as described in (Okalebo et al., 2002). The plants from the harvested area in each plot were separated into wheat grains and straws. The straws were chopped into small pieces (2 cm in length), and the wheat grains were threshed. They were ground, and the 0.3 g of the ground plant tissue and the grain were digested in a mixture of selenium powder (Se), Lithium Sulphate (LiSO4), Hydrogen Peroxide (H2O2), and concentrated sulphuric acid. The digest was used for the determination of Total P and Cu using colorimetric and atomic absorption spectrophotometer, respectively. 
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[bookmark: _Toc212972603][bookmark: _Toc212973822]Figure 4: Experimental layout
Legend: P – Phosphorus, Cu – Copper, M – Arbuscular Mycorrhizae FungiP2
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[bookmark: _Toc211370684][bookmark: _Toc211425267][bookmark: _Toc213215606]3.6 Determination of crop performance indicators 
At maturity, the wheat was harvested above the ground level. The fresh weights of the straws plus grains for every plot were taken before threshing. Threshing was done by hand, and fresh weights of both grains and straws were taken. After which, sub-samples of grains and chopped straws were dried in the greenhouse, and their weights were taken and used to compute the yields of straw and grains per plot. The grain and straw yields were converted into Mg ha-1 according to Eq. 1, while nutrient uptake (kg ha-1) was then computed using Eq. 2.
		Eq. 1
	Nutrient uptake = Grain nutrient uptake + Straw nutrient uptake 	 Eq. 2

Uptake efficiency was calculated as the ratio between nutrients (P or Cu) uptake and supply as shown in Eq. 3 (Haile et al., 2023). Nutrient supply was estimated as the total amount of nutrients applied through inorganic fertilizers in addition to the portion of specific nutrient available in the soil to a depth of 0.3 m.

	         Eq. 3

Nutrient use efficiency was calculated as a ratio between wheat equivalent yield (WEY) to the nutrients supply (Eq. 3). Wheat equivalent yield (kg ha-1) compared the system performance by converting wheat straw yield into equivalent wheat grain yield based on the prevailing market prices as described by Haile et al. (2023) (Eq. 4).
	     Eq. 4
Where; 
 	Eq. 5
	
[bookmark: _Toc211370685][bookmark: _Toc211425268][bookmark: _Toc213215607]3.7 Data Analysis and Statistical Model
Generalized linear models (GLM) were used to test the effects of AMF and fertilizer type on soil chemical properties and crop performance indices (nutrient uptake, uptake efficiency and use efficiencies and the equivalent yield) using the package lme4 (Bates et al., 2015) in R statistical software (R Core Team, 2023). AMF-based biofertilizer and the inorganic fertilizer type (P or Cu) were considered as fixed factors. Two-way three-way interactions between AMF and each of the inorganic fertilizer were also tested in order to assess the strength of relationships between these three factors in influencing the crop performance indices. Several models were built from which the best fitting ones were chosen. Maximum likelihood (ML) was used to estimate the model parameters and the model selection was based on Akaike Information Criterion (AIC), where models with the lowest AIC values were chosen as described in details by (Kamau et al., 2020). Analysis of variance (ANOVA) was used to assess significant differences between the selected models. Where significant effects of the treatments (AMF, P and Cu) were observed, Tukey’s honest significant difference (HSD) was used to separate the means at α=0.05.
The statistical model was as shown in Eq. 6



Yijklm = µ + Pi + Cj + Ak + PCij + PAik + CAjk + PCAijk + Ɛijklm			
Yijklm = plot observation
µ = overall mean
Pi = phosphorus rate effect at the ith level
Cj = Copper rate effect at the jth level
AMFk = Arbuscular Mycorrhiza Fungi effect at the kth level
PCij = interaction of phosphorus and copper rate effect
PAMFik = interaction of phosphorus and Arbuscular Mycorrhiza Fungi effect
CAMFjk = interaction of copper and Arbuscular Mycorrhiza Fungi effect
PCAMFijk = interaction of phosphorus, copper, and Arbuscular Mycorrhiza Fungi effect
The Ɛijklm = error term
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[bookmark: _Toc140502601][bookmark: _Toc211370687][bookmark: _Toc211425270][bookmark: _Toc213215609]RESULTS
[bookmark: _Toc211370688][bookmark: _Toc211425271][bookmark: _Toc213215610]4.1 Effect of AMF, P, and Cu fertilizers on available P and Cu in soil.
Results of the effect of AMF, P, and Cu fertilizers on available P and Cu in the soil are provided in Table 3. The application of P-fertilizer, either alone or in combination with AMF, had no significant effect on the amount of available P in soil (Table 3). On the contrary, AMF had a significant effect on the amount of available Cu in the soil. During the long rain season of 2018 and 2019, AMF increased available Cu by 32 and 40% above control, respectively. A similar trend was observed with and without the use of AMF, where an increase of Cu through application of Cu fertilizer led to an increase in available Cu in the soil in both long rain seasons, 2018 and 2019. The application of Cu fertilizer at 5 and 10 kg ha-1 without AMF increased the available Cu by close to 2 times above the control in the long rain season of 2018. On the other hand, in the long rain season of 2019, the application of Cu at 5 and 10 kg ha-1 increased available Cu by 66% and 100% above the control, which had 2.994 mg kg-1 of available Cu. Co-application of AMF at 60 L ha-1 with 5 kg Cu ha-1 increased available Cu by 64% (3.032 mg to 4.965 mg kg-1) and 42% (4.603 mg to 6.537 mg kg-1) in the long rain seasons of 2018 and 2019, respectively. A similar impact was observed when AMF  60 kg ha-1 was co-applied with 10 kg Cu ha-1, which led to an increase of available Cu close to 2 times above the control in both seasons on average (Table 3).
[bookmark: _Toc212820283][bookmark: _Toc212919417][bookmark: _Toc212973814][bookmark: _Hlk191168666]Table 3: Effect of AMF, P, and Cu fertilizers on available P and Cu in soil
	AMF application rate (kg ha-1)
	P application rate (kg ha-1)
	
	Cu application rates (kg ha-1)

	
	
	
	0.0
	5.0
	10.0
	Mean†
	
	0.0
	5.0
	10.0
	Mean†

	Long-rain season 2018
	
	Available P (Mg kg-1)
	
	Available Cu (Mg kg-1)

	0
	0.0
	
	16.55
	14.85
	18.42
	16.61
	
	1.588e
	4.492cd
	5.108c
	3.729

	
	8.8
	
	26.82
	21.65
	17.57
	22.01
	
	2.005e
	3.915d
	6.995b
	4.712

	
	17.6
	
	22.49
	22.92
	28.44
	24.62
	
	2.285e
	3.915d
	8.215a
	4.398

	
	Mean†
	
	21.96
	19.81
	21.48
	21.08††
	
	1.959C
	4.107B
	6.773A
	4.280††

	60
	0.0
	
	21.48
	23.26
	25.63
	23.46
	
	3.915de
	3.638e
	5.385cd
	4.313

	
	8.8
	
	19.35
	32.00
	24.11
	25.15
	
	2.485e
	5.385cd
	9.112b
	5.661

	
	17.6
	
	18.84
	20.12
	17.06
	18.67
	
	2.695e
	5.872c
	12.218a
	6.928

	
	Mean†
	
	19.89
	25.13
	22.27
	22.43††
	
	3.032B
	4.965B
	8.905A
	5.634††

	Long-rain season 2019
	
	
	
	

	0
	0.0
	
	8.77
	10.50
	9.59
	9.62
	
	0.555e
	5.042bc
	5.525b
	3.707B

	
	8.8
	
	9.21
	8.92
	16.06
	11.40
	
	4.075d
	5.248bc
	9.115a
	6.146A

	
	17.6
	
	10.40
	14.91
	12.90
	12.74
	
	4.352d
	4.628cd
	5.112bc
	4.697AB

	
	Mean†
	
	9.46
	11.44
	12.85
	11.25††
	
	2.994B
	4.973A
	6.584A
	4.850B††

	60
	0.0
	
	8.53
	13.28
	11.36
	11.06
	
	4.695cd
	5.112bc
	8.975a
	6.261

	
	8.8
	
	10.36
	9.59
	12.42
	10.79
	
	4.488d
	5.455b
	9.255a
	6.399

	
	17.6
	
	12.32
	10.07
	12.90
	11.76
	
	4.625d
	9.045a
	9.392a
	7.687

	
	Mean†
	
	10.40
	10.98
	12.23
	11.20††
	
	4.603C
	6.537B
	9.207A
	6.782A††

	p-values
	AMF
	
	
	
	
	0.6919
	
	
	
	
	<0.001

	
	P
	
	
	
	
	0.5204
	
	
	
	
	0.0228

	
	Cu
	
	
	
	
	0.6326
	
	
	
	
	<0.001

	
	AMF*P
	
	
	
	
	0.1530
	
	
	
	
	0.1415

	
	AMF*Cu
	
	
	
	
	0.7228
	
	
	
	
	0.0871

	
	AMF*P*Cu
	
	
	
	
	0.9837
	
	
	
	
	<0.001



Abbreviations: Cu – Copper, P – phosphorous. †These values give the aggregate effects of copper or phosphorus fertilizer, regardless of the rates, and have been presented in bold for emphasis. ††These values give the aggregate effects of AMF regardless of copper or phosphorous application rates and have been presented in bold and italics for emphasis. Within columns, means followed by different letters in superscript are significantly different at p ≤ 0.05. Uppercase letters indicate the differences based on copper, phosphorus, or AMF application rate, while lowercase letters indicate the differences based on individual copper or phosphorus fertilizer application rates. However, in cases where no differences were detected, letters of mean separation were left out to avoid the table being congested and to clearly show where actual differences occurred.


[bookmark: _Toc211370689][bookmark: _Toc211425272][bookmark: _Hlk190169209][bookmark: _Hlk189470576][bookmark: _Toc213215611]4.2 Effect of AMF, P, and Cu fertilizers on P and Cu uptake in wheat
Results of the effect of AMF, P, and Cu fertilizers on P and Cu in wheat are provided in Table 4. Arbuscular Mycorrhizae Fungi and P fertilizer increased P uptake across the two seasons (Table 4). In the long rain season 2018, AMF significantly (P ≤ 0.05) affected P uptake with a mean of 18.35 kg ha-1 at 60 L ha-1 compared to 14.43 kg ha-1 obtained without AMF. Similar differences were observed during the long rain season 2019, where AMF increased P uptake by about 30%. Application of P fertilizer at both 8.8 and 17.6 kg ha-1 without AMF significantly increased P uptake above the control in both seasons. Application of P at 8.8 kg ha-1 increased P uptake by 72% and 64% above the control in the 2018 and 2019 long rain seasons, respectively. However, increasing P rates above 8.8 to 17.6 kg ha-1 had no significant effect on P uptake. Co-application of AMF at 60 kg ha-1 with 8.8 kg P ha-1 increased P uptake above the plots that received AMF alone by about 24% (16.53 kg to 20.43 kg ha-1) and 39% (27.81 kg to 38.73 kg ha-1) in the long rain seasons of 2018 and 2019, respectively. When P application increased from 8.8 to 17.6 kg ha-1 (co-applied with AMF), it had no significant impact on P uptake compared to the plots that received AMF alone. Generally, the application of Cu fertilizer had no significant effects on P uptake across the two seasons (Table 4).
Similar to P, AMF had significant impact on Cu uptake. For example, in long rains season 2018, plots receiving 60 kg AMF ha-1 had a significantly higher mean Cu uptake of 1.23 kg ha-1 compared to 0.99 kg ha-1 obtained in plots with no AMF, which was about 24% increase. Similarly, AMF increased Cu uptake by about 38% during the 2019 long rain season. Co-application of Cu at 5 kg ha-1 with 60 kg AMF ha-1 increased Cu uptake by about 55 and 45% in the 2018 and 2019 long rain seasons, respectively. However, increasing the Cu rate from 5 to 10 kg ha-1 co-applied with 60 kg AMF ha-1 had no significant impact on Cu uptake. Generally, the application of P fertilizer did not affect Cu uptake across the two seasons (Table 4).

[bookmark: _Toc212820284][bookmark: _Toc212919418][bookmark: _Toc212973815]Table 4: Effect of AMF, P, and Cu fertilizers on P and Cu uptake in wheat
	AMF application rate (kg ha-1)
	P application rate (kg ha-1)
	 
	Cu application rates (kg ha-1)

	
	
	 
	0.0
	5.0
	10.0
	Mean†
	
	0.0
	5.0
	10.0
	Mean†

	Long-rain season 2018
	 
	P uptake (kg ha-1)
	 
	Cu uptake (kg ha-1)

	0
	0.0
	 
	5.92f
	10.99e
	11.41e
	9.44B
	
	0.32c
	0.75bc
	1.16ab
	0.74

	
	8.8
	 
	16.96bc
	16.49bcd
	15.10d
	16.18A
	
	0.74bc
	1.23ab
	1.35a
	1.11

	
	17.6
	 
	18.77a
	16.21cd
	18.02ab
	17.67A
	
	0.73bc
	1.18ab
	1.46a
	1.12

	
	Mean†
	 
	13.88
	14.56
	14.85
	14.43B††
	
	0.60B
	1.06A
	1.32A
	0.99B††

	60
	0.0
	 
	17.20b
	17.26b
	15.12c
	16.53B
	
	0.69b
	1.31a
	1.43a
	1.14

	
	8.8
	 
	25.00a
	18.98b
	17.32b
	20.43A
	
	0.99ab
	1.33a
	1.43a
	1.25

	
	17.6
	 
	17.56b
	18.84b
	17.91b
	18.11AB
	
	0.97ab
	1.44a
	1.45a
	1.29

	
	Mean†
	 
	19.92A
	18.36AB
	16.78B
	18.35A††
	
	0.88B
	1.36A
	1.44A
	1.23A††

	Long-rain season 2019
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	0
	0.0
	 
	11.85d
	20.10c
	21.68c
	17.88B
	
	0.61d
	1.30bcd
	1.72abc
	1.21

	
	8.8
	 
	27.84b
	31.98a
	27.86b
	29.23A
	
	1.09cd
	1.65abc
	2.11ab
	1.62

	
	17.6
	 
	30.75ab
	30.95ab
	31.67ab
	31.12A
	
	1.28bcd
	1.58abc
	2.15a
	1.67

	
	Mean†
	 
	23.48
	27.68
	27.07
	26.08B††
	
	0.99C
	1.51B
	2.00A
	1.50B††

	60
	0.0
	 
	29.08e
	29.29e
	25.05f
	27.81B
	
	1.31d
	2.02abcd
	2.33abc
	1.89

	
	8.8
	 
	46.55a
	33.78d
	35.85c
	38.73A
	
	1.50cd
	2.10abcd
	2.68a
	2.10

	
	17.6
	 
	38.57b
	34.70cd
	36.19c
	36.49A
	
	1.65bcd
	2.34abc
	2.60ab
	2.20

	
	Mean†
	 
	38.07
	32.59
	32.36
	34.34A††
	 
	1.49B
	2.16A
	2.54A
	2.06A††

	p-values
	AMF
	
	
	
	
	<0.001***
	
	
	
	
	<0.001***

	
	P 
	
	
	
	
	<0.001***
	
	
	
	
	0.0306*

	
	Cu
	
	
	
	
	0.8364
	
	
	
	
	<0.001***

	
	AMF*P
	
	
	
	
	0.2802
	
	
	
	
	0.6271

	
	AMF*Cu
	
	
	
	
	0.1184
	
	
	
	
	0.7682

	
	AMF*P*Cu
	 
	 
	 
	 
	0.5643
	 
	 
	 
	 
	0.9964




Abbreviations: Cu – Copper, P – phosphorous. †These values give the aggregate effects of copper or phosphorous fertilizer, regardless of the rates and have been presented in bold for emphasis. ††These values give the aggregate effects of AMF regardless of copper or phosphorous application rates and have been presented in bold and italics for emphasis. Within columns, means followed by different letters in superscript are significantly different at p ≤ 0.05. Uppercase letters indicate the differences based on copper, phosphorous or AMF application rate while lowercase letters indicate the differences based on individual copper or phosphorous fertilizer application rates. However, in cases where no differences were detected, letters of mean separation were left out to avoid the table being congested and to clearly show where actual differences occurred.
[bookmark: _Toc211370690][bookmark: _Toc211425273][bookmark: _Toc213215612][bookmark: _Hlk189508646][bookmark: _Toc140502603]4.3 Effect of AMF, P, and Cu fertilizers on P and Cu uptake efficiency in wheat
[bookmark: _Hlk190271529][bookmark: _Hlk189340875]Results of the effect of AMF, P, and Cu fertilizers on P and Cu uptake efficiency in wheat are provided in Table 5. Arbuscular Mycorrhizae Fungi and P fertilizers enhanced P uptake efficiency (PUpE), but the highest impact was induced by AMF (Table 5). In the 2018 long rain season, AMF increased PUpE by 0.08 kg P uptake kg-1 P above the control, which was an increase of about 30%. A similar effect was observed during the long rain season in 2019, where AMF increased P uptake by about 35% above the control. However, the combination of AMF and P showed differing influence on PUpE across the seasons. For example, while the co-application of 8.8 kg P ha-1 with AMF 60 kg ha-1 had no significant influence on PUpE compared with AMF 60 kg ha-1 applied alone during the long rain season in 2018, the differences between the two treatments was about 17% in 2019. On the other hand, there was no significant difference in PUpE when AMF was co-applied with P at 17.6 kg ha-1 compared to the plots that received AMF 60 L ha-1 alone in the long rain season of 2019. Generally, increasing P from 8.8 to 17.6 kg P ha-1 had no significant influence on PUpE. Application of Cu also had no significant effect on PUpE (Table 5). 
In the long rain season of 2018, AMF had a significant effect on Cu uptake efficiency (CuUpE) with an average of 0.19 kg Cu uptake kg-1 Cu in plots that received AMF 60 L ha-1 compared to a mean of 0.15 kg Cu uptake kg-1 Cu in plots not treated with AMF, an increase of about 25%. A similar difference was observed during the long rain season in 2019 where AMF increased CuUpE by about 40% from 0.26 kg to 0.37 kg Cu uptake kg-1 Cu. Application of Cu fertilizer either at 5 kg or 10 kg ha-1 suppressed CuUpE by about 50% compared to the control (with no Cu applied). Phosphorus had no significant effect on CuUpE (Table 5). 
[bookmark: _Hlk188740655]
[bookmark: _Toc212820285][bookmark: _Toc212919419][bookmark: _Toc212973816]Table 5: Effect of AMF, P, and Cu fertilizers on P and Cu uptake efficiency in wheat
	AMF application rate (kg ha-1)
	P application rates (kg ha-1)
	 
	Cu application rates (kg ha-1)

	
	
	 
	0.0
	5.0
	10.0
	Mean†
	 
	0.0
	5.0
	10.0
	Mean†

	Long-rain season 2018
	 
	P uptake (kg P uptake kg-1 P)
	
	Cu uptake (kg Cu uptake kg-1 Cu)

	0
	0.0
	 
	0.14d
	0.27c
	0.28bc
	0.23B
	
	0.11b
	0.09b
	0.09b
	0.10B

	
	8.8
	 
	0.34a
	0.33a
	0.30abc
	0.32A
	
	0.25a
	0.15ab
	0.10b
	0.17A

	
	17.6
	 
	0.32a
	0.28bc
	0.31ab
	0.30A
	
	0.25a
	0.15ab
	0.11b
	0.17A

	
	Mean†
	 
	0.27
	0.29
	0.30
	0.29B††
	
	0.20A
	0.13B
	0.10B
	0.15B††

	60
	0.0
	 
	0.42b
	0.42b
	0.37cd
	0.40A
	
	0.23ab
	0.16bc
	0.11c
	0.17

	
	8.8
	 
	0.50a
	0.38bc
	0.35d
	0.41A
	
	0.34a
	0.17bc
	0.11c
	0.20

	
	17.6
	 
	0.30f
	0.32de
	0.31ef
	0.31B
	
	0.33a
	0.18bc
	0.11c
	0.21

	
	Mean†
	 
	0.41
	0.37
	0.34
	0.37A††
	
	0.30A
	0.17B
	0.11C
	0.19A††

	Long-rain season 2019
	 
	 
	 
	 

	0
	0.0
	 
	0.26c
	0.44b
	0.47b
	0.39B
	
	0.25b
	0.18b
	0.14b
	0.19

	
	8.8
	 
	0.51ab
	0.58a
	0.51ab
	0.53A
	
	0.45a
	0.22b
	0.17b
	0.28

	
	17.6
	 
	0.48b
	0.49b
	0.50b
	0.49A
	
	0.53a
	0.21b
	0.17b
	0.31

	
	Mean†
	 
	0.42
	0.50
	0.49
	0.47B††
	
	0.41A
	0.20B
	0.16B
	0.26B††

	60
	0.0
	 
	0.63bc
	0.64bc
	0.55d
	0.61B
	
	0.54a
	0.27b
	0.19b
	0.34

	
	8.8 
	 
	0.85a
	0.62bc
	0.66b
	0.71A
	
	0.62a
	0.28b
	0.22b
	0.37

	
	17.6
	 
	0.61c
	0.55d
	0.57d
	0.57B
	
	0.69a
	0.32b
	0.21b
	0.40

	
	Mean†
	 
	0.70A
	0.60B
	0.59B
	0.63A††
	 
	0.62A
	0.29B
	0.20B
	0.37A††

	p-values
	AMF
	
	
	
	
	<0.001***
	
	
	
	
	0.0061**

	
	P
	
	
	
	
	0.0103*
	
	
	
	
	0.0798

	
	Cu
	
	
	
	
	0.8093
	
	
	
	
	<0.001***

	
	AMF*P
	
	
	
	
	0.0436*
	
	
	
	
	0.7682

	
	AMF*Cu
	
	
	
	
	0.0322*
	
	
	
	
	0.0291*

	
	AMF*P*Cu
	 
	 
	 
	 
	0.1881
	
	
	
	
	0.3364




Abbreviations: Cu – Copper, P – phosphorous. †These values give the aggregate effects of copper or phosphorous fertilizer, regardless of the rates and have been presented in bold for emphasis. ††These values give the aggregate effects of AMF regardless of copper or phosphorous application rates and have been presented in bold and italics for emphasis. Within columns, means followed by different letters in superscript are significantly different at p < 0.05. Uppercase letters indicate the differences based on copper, phosphorous or AMF application rate while lowercase letters indicate the differences based on individual copper or phosphorous fertilizer application rates. However, in cases where no differences were detected, letters of mean separation were left out to avoid the table being congested and to clearly show where actual differences occurred
[bookmark: _Toc211370691][bookmark: _Toc211425274][bookmark: _Toc213215613]4.4 Effect of AMF, P, and Cu fertilizers on P and Cu use efficiency in wheat
Similar to uptake efficiencies, AMF and P significantly increased P use efficiency (PUE), but with the greatest impact being induced by application of AMF (Table 6). In the 2018 and 2019 long rain season, AMF increased PUE by 15 and 31% above the plots without AMF. Notably, PUE decreased by 15 and 9% in 2018 and 2019 long rain seasons, respectively, when P was applied at a higher rate (17.6 kg ha-1) compared to plots that received P at a rate of 8.8 kg ha-1. Generally, co-application of AMF 60 kg ha-1 and P at 8.8 kg ha-1 had the highest PUE on average, with a two-season difference of about 3% compared with plots that received AMF 60 kg ha-1 alone and 30% where AMF 60 kg ha-1 was co-applied with 17.6 kg P ha-1. Cu had no significant effect on PUE (Table 6).
AMF significantly increased Cu use efficiency (CuUE) by 18 and 35% above plots without AMF in 2018 and 2019 long rain seasons, respectively. In both seasons increase in Cu application led to a decrease of CuUE, whether AMF was applied or not. In the 2018 long rain season, plots without Cu had the highest CuUE (0.958 mg kg-1). Thus, the application of Cu fertilizer at 5 and 10 kg ha-1 led to a 62 and 76% decrease of CuUE compared with the control. Similar effects were observed in 2019 long rain, whereby plots without Cu had the highest CuUE (1.421 mg kg-1), leading to a decrease of 66 and 80% when Cu fertilizer was applied at 5 and 10 kg ha-1, respectively.  A similar trend was observed when AMF was co-applied with Cu. Generally, the application of P fertilizer had no significant effect on CuUE across the two seasons (Table 6).
[bookmark: _Toc212820286][bookmark: _Toc212919420][bookmark: _Toc212973817]Table 6: Effect of AMF, P, and Cu fertilizers on P and Cu use efficiency in wheat
	[bookmark: _Hlk209428830]AMF application rate (kg ha-1)
	P application rate (kg ha-1)
	 
	Cu application rates (kg ha-1)

	
	
	 
	0.0
	5.0
	10.0
	Mean†
	 
	0.0
	5.0
	10.0
	Mean†

	Long-rain season 2018
	 
	P use efficiency (kg yield kg-1 P supply) 
	
	 Cu use efficiency (Mg yield kg-1 Cu supply) 

	0
	0.0
	 
	50.8d
	57.1bc
	62.1ab
	56.7B
	
	0.707b
	0.295d
	0.197f
	0.400

	
	8.8
	 
	64.0a
	62.5ab
	61.7ab
	62.8A
	
	1.082a
	0.392c
	0.238ef
	0.571

	
	17.6
	 
	54.5cd
	54.5cd
	55.1cd
	54.7B
	
	1.084a
	0.402c
	0.250e
	0.579

	
	Mean†
	 
	56.5
	58.0
	59.7
	58.1B††
	
	0.958A
	0.363B
	0.228C
	0.516††

	60
	0.0
	 
	74.1b
	74.3b
	74.3b
	74.3A
	
	1.032c
	0.384e
	0.236g
	0.550

	
	8.8
	 
	78.9a
	66.3c
	64.8c
	70.0A
	
	1.333a
	0.416d
	0.249fg
	0.666

	
	17.6
	 
	59.3d
	54.3f
	56.9e
	56.9B
	
	1.180b
	0.401de
	0.258f
	0.613

	
	Mean†
	 
	70.8
	65.0
	65.3
	67.0A††
	
	1.182A
	0.400B
	0.248C
	0.610††

	Long-rain season 2019
	 
	 
	 
	 

	0
	0.0
	 
	48.8c
	59.3bc
	64.4ab
	57.5B
	
	0.930c
	0.367e
	0.238g
	0.512

	
	8.8
	 
	67.2ab
	76.8a
	66.6ab
	70.2A
	
	1.526b
	0.567d
	0.294fg
	0.796

	
	17.6
	 
	68.6ab
	61.7bc
	62.8b
	64.4AB
	
	1.807a
	0.529d
	0.321ef
	0.886

	
	Mean†
	 
	61.6
	65.9
	64.6
	64.0B††
	
	1.421A
	0.488B
	0.284B
	0.731††

	60
	0.0
	 
	86.0cd
	88.3bc
	84.7d
	86.3B
	
	1.639c
	0.547e
	0.313f
	0.833

	
	8.8
	 
	108.2a
	91.5b
	86.8cd
	95.5A
	
	2.455a
	0.675d
	0.383f
	1.171

	
	17.6
	 
	73.0e
	68.2f
	67.9f
	69.7C
	
	1.924b
	0.584e
	0.348f
	0.952

	
	Mean†
	 
	89.1
	82.7
	79.8
	83.9A††
	 
	2.006A
	0.602B
	0.348C
	0.985††

	p-values
	AMF
	
	
	
	
	<0.001***
	
	
	
	
	0.1071

	
	P
	
	
	
	
	<0.001***
	
	
	
	
	0.1809

	
	Cu
	
	
	
	
	0.5394
	
	
	
	
	<0.001***

	
	AMF*P
	
	
	
	
	<0.001***
	
	
	
	
	0.7090

	
	AMF*Cu
	
	
	
	
	0.0126*
	
	
	
	
	0.0020**

	
	AMF*P*Cu
	 
	 
	 
	 
	0.0099**
	 
	 
	 
	 
	0.0038**




Abbreviations: Cu – Copper, P – phosphorous. †These values give the aggregate effects of copper or phosphorous fertilizer, regardless of the rates and have been presented in bold for emphasis. ††These values give the aggregate effects of AMF regardless of copper or phosphorous application rates and have been presented in bold and italics for emphasis. Within columns, means followed by different letters in superscript are significantly different at p < 0.05. Uppercase letters indicate the differences based on copper, phosphorous or AMF application rate while lowercase letters indicate the differences based on individual copper or phosphorous fertilizer application rates. However, in cases where no differences were detected, letters of mean separation were left out to avoid the table being congested and to clearly show where actual differences occurred.
[bookmark: _Toc211370692][bookmark: _Toc211425275][bookmark: _Toc213215614][bookmark: _Toc140502616]4.5 Effect of AMF, P, and Cu fertilizer on wheat grain and straw yield
Phosphorus, copper, and AMF had varying effects on both wheat grain and straw yield (Table 7). In the long rain season 2018, AMF significantly increased wheat grain yield from a mean of 2.02 to 2.33 Mg ha-1; an increase of about 15%. A similar difference was observed in the long rain season 2019 where AMF increased wheat grain yield by 33% from 2.55 to 3.39 Mg ha-1. Sole application of P fertilizer at the rate of 8.8 kg ha-1 significantly increased wheat grain yield by 34% above the control in long-rains 2018 and by 54% in 2019. When 8.8 kg P ha-1 was co-applied with 60 kg AMF ha-1 compared with 60 kg AMF ha-1 applied alone, grain yield increased by 14% (2.15 to 2.45 Mg ha-1) and 35% (2.96 to 4.00 Mg ha-1) during the 2018 and 2019 long rain seasons, respectively. However, there was no significant increase in wheat grain yield when P rates were increased from 8.8 to 17.6 kg P ha-1 across the two seasons, whether applied with or without AMF (Table 7). 
Generally, Cu fertilizer showed no significant influence on the grain yield compared with the control. The only effect due to Cu fertilizer was observed in the long rains season 2018 when 5 kg or 10 kg Cu ha-1 was co-applied with AMF, where yield decreased by about 12% compared with the control. Wheat straw yield showed similar differences to those of grain yield (Table 7).
[bookmark: _Toc212820287][bookmark: _Toc212919421][bookmark: _Toc212973818]Table 7: Effect of AMF, P, and Cu fertilizers on wheat grain and straw yield
	AMF application rate (kg ha-1)
	P application rate (kg ha-1)
	 
	Cu application rates (kg ha-1)

	
	
	 
	0.0
	5.0
	10.0
	Mean†
	 
	0.0
	5.0
	10.0
	Mean†

	Long-rain season 2018
	 
	Grain yield (Mg ha-1)
	 
	Straw yield (Mg ha-1)

	0
	0.0
	 
	[bookmark: _Toc199341717][bookmark: _Toc201570901][bookmark: _Toc201572637][bookmark: _Toc201697149][bookmark: _Toc201699308][bookmark: _Toc202774533][bookmark: _Toc203049900][bookmark: _Toc203050120][bookmark: _Toc203475480][bookmark: _Toc204202987]1.42c
	1.61bc
	1.81b
	1.61B
	
	5.56h
	6.11g
	6.20f
	5.96C

	
	8.8
	 
	2.23a
	2.12a
	2.13a
	2.16A
	
	8.05b
	8.32a
	7.93c
	8.10A

	
	17.6
	 
	2.27a
	2.28a
	2.33a
	2.29A
	
	7.75d
	7.69d
	7.55e
	7.67B

	
	Mean†
	 
	1.97
	2.00
	2.09
	2.02B††
	
	7.12
	7.38
	7.23
	7.63B††

	60
	0.0
	 
	2.16ef
	2.13f
	2.15f
	2.15B
	
	7.37g
	7.65e
	7.54f
	7.52C

	
	8.8
	 
	2.84a
	2.26d
	2.24d
	2.45A
	
	9.13a
	8.71b
	8.22c
	8.69A

	
	17.6
	 
	2.53b
	2.23de
	2.42c
	2.39A
	
	7.94d
	7.96d
	7.62ef
	7.84B

	
	Mean†
	 
	2.51A
	2.21B
	2.27B
	2.33A††
	
	8.15
	8.11
	7.79
	8.02A††

	                                Long-rain season 2019

	0
	0.0
	 
	1.47d
	1.86d
	2.09cd
	1.81B
	
	6.43h
	7.16g
	7.18g
	6.92B

	
	8.8
	 
	2.73abc
	3.06ab
	2.57bc
	2.79A
	
	7.92f
	9.50a
	8.97c
	8.80A

	
	17.6
	 
	3.24a
	2.93ab
	2.99ab
	3.05A
	
	9.31b
	8.26e
	8.33d
	8.63A

	
	Mean†
	 
	2.48
	2.62
	2.55
	2.55B ††
	
	7.89
	8.31
	8.16
	8.12B ††

	60
	0.0
	 
	2.90d
	3.07d
	2.90d
	2.96B
	
	8.77e
	8.22f
	8.25f
	8.41B

	
	8.8
	 
	4.72a
	3.83b
	3.50c
	4.00A
	
	9.97c
	9.77d
	10.38a
	10.04A

	
	17.6
	 
	3.42c
	3.09d
	3.07d
	3.19B
	
	10.13b
	10.34a
	10.37a
	10.28A

	
	Mean†
	 
	3.68
	3.33
	3.16
	3.39A ††
	 
	9.62
	9.44
	9.67
	9.58A ††

	p-values
	AMF
	 
	 
	 
	 
	<0.001***
	 
	 
	 
	 
	<0.001***

	
	P
	
	
	
	
	<0.001***
	
	
	
	
	<0.001***

	
	Cu
	
	
	
	
	0.4315
	
	
	
	
	0.7078

	
	AMF*P
	
	
	
	
	0.0057**
	
	
	
	
	0.1354

	
	AMF*Cu
	
	
	
	
	0.0903
	
	
	
	
	0.4070

	
	AMF*P*Cu
	 
	 
	 
	 
	0.2049
	 
	 
	 \
	 
	0.3063




1 Mg = 106 g. Abbreviations: Cu – Copper, P – phosphorous. †These values give the aggregate effects of copper or phosphorous fertilizer, regardless of the rates and have been presented in bold for emphasis. ††These values give the aggregate effects of AMF regardless of copper or phosphorous application rates and have been presented in bold and italics for emphasis. Within columns, means followed by different letters in superscript are significantly different at p < 0.05. Uppercase letters indicate the differences based on copper, phosphorous or AMF application rate while lowercase letters indicate the differences based on individual copper or phosphorous fertilizer application rates. However, in cases where no differences were detected, letters of mean separation were left out to avoid the table being congested and to clearly show where actual differences occurred.
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[bookmark: _Toc211370695][bookmark: _Toc211425278][bookmark: _Toc213215617]5.1 Influence of AMF, phosphorus, and copper fertilizers on available P and Cu in soil
[bookmark: _Hlk202362067]The results of this study showed that application of P fertilizer and AMF did not significantly increase soil available P, which was contrary to several previous studies. For example, in Uganda, Fall et al (2023) reported that the combined application of AMF and 30 kg P ha-1 to the maize crop increased P concentrations in soil by 242% and 121% across two study sites, Kumi and Nkozi, respectively, above the control. Takahashi and Anwar (2007)  reported an increase in soil available P of about threefold after 23 years of annual fertilizer applications in an Andosol. The unexpected differences observed in our study could be attributed to increased P uptake by the crop with application of either P and/or AMF. This could mean that the amount of P fertilizer applied could not have been enough to meet crop needs. This notwithstanding, we cannot rule out possibilities of P immobilization through inorganic complexation of Pi, Al, and Fe oxyhydroxides, given that these are dominant in Ferralsols (Yli-Halla et al., 2016). On the other hand, application of AMF and Cu fertilizer increased the available Cu in the soil by about 2 times above the control. This was expected as the increase in nutrients is expected to increase the concentration of the element in the soil and could be an indication that the amount supplied was more than enough for the crop uptake. These observations concur with Azeez et al. (2015), who reported an eightfold increase in available Cu when applied at 10 mg kg-1 over the control. The amount of Cu available in the soil increased with an increase in the amount of Cu fertilizer. At an acidic pH, as was the case in the study site, dissolved Cu increases due to its weaker adsorption, thereby increasing free Cu ion activity in the soil (Yruela, 2009).

[bookmark: _Toc211370696][bookmark: _Toc211425279][bookmark: _Toc213215618]5.2 Influence of AMF, phosphorus, and copper fertilizers on uptake, uptake efficiency, and use efficiency in wheat
[bookmark: _Hlk202362154]In the current study, P fertilizer increased P uptake, which concurs with other studies. For example, Assefa et al. (2021) reported an increased P uptake by about 10 kg P ha-1 in wheat planted in Vertisols above the control after an application of 22 kg P ha-1. This falls within the range of what was observed in the study when P was applied at 8.8 P ha-1 with or without AMF. Similarly, Saha et al. (2014) reported a 12 kg ha-1 P uptake by wheat, an increase of by about 7 kg ha-1 above the control, when P fertilizer was applied at 52 kg P ha-1 to a calcareous sandy loamy soil. On their part, Takahashi and Anwar (2007)  reported P uptake by wheat of about 13 kg P ha-1 when P was applied at the rate of 65 kg P ha-1 in an Andosol. However, the maximum P uptake recorded in the study of 39 kg P ha-1 was higher than the maximum P uptake recorded by Assefa et al. (2021), Saha et al. (2014), and Takahashi and Anwar (2007). This could be due to differences in soil types, wheat variety, and the influence of AMF on nutrient uptake. Increased P uptake is attributed to factors such as AMF and low inorganic phosphates, causing upregulation of phosphate transporters (PHT), plasma membrane-bound proteins belonging to the PHT1 responsible for Pi uptake (Kisko et al., 2018; Victor Roch et al., 2019; Wang et al., 2018). The transporters, usually expressed in root tips and hairs, are involved in root Pi acquisition, uptake from the soil solution, and translocation in the whole plant (Grün et al., 2018). However, an excess supply of P, as may have been the case with 17.6 kg P ha-1 application rate that could have suppressed phosphate transporters, reducing their efficiency in P uptake and transport (Naureen et al., 2018). Similarly, the application of Cu fertilizer increased Cu uptake in wheat. This could be attributed to activation of Cu transport protein 1 (COPT1), a high-affinity Cu (1) transporter that is located at the root tip, responsible for the acquisition of Cu+ across the roots, thus enhancing Cu uptake (Mir et al., 2021; Xu et al., 2024).
[bookmark: _Hlk202362276][bookmark: _Hlk202362498]The current study showed that AMF increased P and Cu uptake in wheat, which concurs with other studies done over the years. For example, though working with barley, Beslemes et al. (2023) reported that P uptake was higher in AMF-inoculated plants than in non-inoculated plants by about 30% in the two cropping seasons, whereas Patale and Datir (2025) reported a 57% increase in P uptake when AMF and 10 kg P ha-1 were applied. Lehmann and Rilling (2015) also reported AMF to increase Cu uptake by between 26 and 41%, a range of uptake that was obtained in the study. This increase in P and Cu uptake could be due to the transporters and strigolactones produced by host plants that activate the symbiotic relationship between AMF, thus facilitating the plant's absorption of nutrients from the soil. The extraradical mycelia in AMF facilitate and increase P and Cu uptake by scavenging the two from the soil and delivering them to the host’s cells, thus bypassing direct uptake by the plant roots (Menge, 2023; Mitra et al., 2023). Besides, AMF increases P mobilization by collaborating with phosphate-solubilizing bacteria (PBS) through hyphal exudates, increasing phosphatase secretion responsible for the solubilization of insoluble P forms (Liu et al., 2024). AMF also reduces immobilization of both P and Cu by other compounds in the soil system, such as organic acids, as well as Mn- and Fe-complexes (Mir et al., 2021). These mechanisms could also have enhanced CuUpE and PUpE in plots treated with AMF. However, an excess of P fertilizer could have suppressed root colonization by AMF, leading to a reduction in PUpE, as uptake efficiency was found to be lower in plots that received higher amounts of P. Similar observations have been reported in other studies such as Alsunuse et al. (2021), Qi et al. (2022), Fall et al. (2022) and Qian et al. (2024). 
[bookmark: _Hlk202362539][bookmark: _Hlk202362559][bookmark: _Hlk202362587][bookmark: _Hlk202362603]In the current study, PUE decreased when a higher rate of P was applied, which concurred with the findings of other studies. For example, the study by Assefa et al. (2021) reported the highest PUE of 28 kg grain yield kg-1 P when P fertilizer was applied to the wheat crop at 11 kg P ha-1. However, the authors reported that increasing P fertilizer from 11 to 22 kg P ha-1 decreased PUE by about 41%. In another study with maize crop under the same soil type (Ferralsols) as our study site, Kihara and Njoroge (2013) reported a decrease in PUE after increasing P fertilizer application beyond 38 kg P ha-1 in the western part of Kenya. Thus, this shows the need to understand the optimal amounts of P required in each soil type. This is key due to the fact that further application beyond the optimal level is not only uneconomical since it does not translate to a further increment in yield, but could also have negative environmental impacts such as eutrophication when an excess of this nutrient gets its way into water bodies through surface runoff. The PUE reported in the current study was higher by more than 20 times compared to that reported in a recent study by Yan et al. (2017) of 18 kg grain kg-1 P, when P fertilizer was applied at 100 kg P ha-1. This variation could be attributed to differences in soil type, soil organic matter (SOM), available soil P, and variety. Yan et al. (2017) observed that variety was the most important determinant of PUE, while Haile et al. (2023) and Kihara and Njoroge (2013) reported that increasing soil organic carbon using N-rich organic resources such as Crotalaria, Tithonia, and Sesbania increased PUE by between 60 and 100%.
Use of AMF and an increase in Cu fertilizer led to a decrease in CuUE, which could have been brought about by the supply of Cu more than crop demand. Cu is a micronutrient, and hence any excess supply may become toxic to the crop. Nonetheless, the highest concentration of 12 mg Cu kg-1 was still below what has been reported to cause toxicity in wheat crops. For example, some studies have reported the sensitivity of wheat to the toxicity of Cu to start at concentrations as high as 55 mg kg-1 (Huang et al., 2012). Besides the absolute Cu concentrations in the soil, plants also produce ligands that influence detoxification and inhibit heavy metal persistence in plants (Kumar et al., 2021; Migocka & Malas, 2018; Wairich et al., 2022). 

[bookmark: _Toc211370697][bookmark: _Toc211425280][bookmark: _Toc213215619][bookmark: _Hlk192498011] 5.3 Influence of AMF, phosphorus, and copper fertilizers on wheat grain and straw yield 
Combined application of AMF and P fertilizer at half the recommended rate significantly increased wheat grain yields across the two-rainy seasons, confirming the critical integrated roles of P and AMF in wheat production. Phosphorus is a constituent of key molecules such as nucleic acids, sugars, phospholipids, ATP, and ADP, thus influencing key physiological processes such as energy and nutrients transfer, seed germination, seed formation, photosynthesis, among other processes and functions. Phosphorus also enhances root formation, enabling efficient uptake of nutrients and water (Lollato et al., 2019; Malhotra,  et al., 2018). 
[bookmark: _Hlk202362676]AMF reduced P fertilizer requirements by half while maintaining the same yield and, in some instances, increased wheat yield compared to the recommended rates of P application. These results concur with those obtained by Begum et al. (2019), Bagyaraj et al. (2015), and Ortas & Bykova (2018), where the authors reported that AMF could reduce inorganic fertilizer requirements by up to 50%. Increased wheat grain yield reported by Ortas & Bykova (2018) was within the range of 0.7 and 1.4 t ha-1 obtained in the current study. A synergistic relationship between AMF and P fertilizer has also been observed in barley, where combined application of AMF and 23.6 kg of P increased barley grain yield by 41% (Masrahi et al., 2023). Besides the increased nutrient uptake, AMF may provide concomitant benefits to crops such as enhanced acquisition of water, which may add to the positive effects of nutrient uptake by the crop, usually expressed as increased crop yield. The numerous elongated hyphae with a smaller diameter (<50 µm) allow for scavenging of nutrients and water beyond the rhizosphere, increasing their acquisition by plants (Bagyaraj et al., 2015; Begum et al., 2019; Campos et al., 2018;  Chen et al., 2018).

Generally, the application of Cu fertilizer had no significant influence on wheat grain and straw yield. This could suggest that either the influence of Cu was masked by the effects of co-application with P or that even the lowest amount of Cu supplied (5 kg ha-1) had reached levels that were exerting negative effects, since there was a notable decline in yield when higher amounts of Cu were applied. The results concur with other studies that observed critical values for Cu to be less than 1.0 mg kg-1 (Brennan & Bolland, 2006; Karimian & Tehrani, 2018). However, the decline in yield could be caused by factors other than and/or in addition to the concentration of Cu in the soil.
[bookmark: _Hlk202362869][bookmark: _Hlk202362929]Lower yields obtained in the current study site as compared to the optimal yields of Njoro BW2 wheat variety of 7.8 t ha-1 as reported by Noah & Waithaka (2005) could be explained by environmental attributes such as precipitation or inadequate amounts of other nutrients. Lollato et al. (2019) reported that environmental attributes could account for approximately 74% of the variability in wheat grain yields. Balanced nutrition is also critical for optimal wheat yield as reported by Singh (2015) and Pandey et al. (2020). These nutrients include Calcium (Ca), Magnesium (Mg), Sulphur (S), iron (Fe), boron (B), manganese (Mn), Zinc (Zn), and molybdenum (Mo), either as a result of their deficiency, or nutrient imbalances resulting from antagonistic relations. For example, deficiencies of Mg, Ca, P, and K have been reported in Ferralsols from Western Kenya (Keino et al., 2015; Oketch et al., 2023). In addition, several studies have reported antagonistic relations between Cu with Mo, Mn, Zn, and Fe (Kumar et al., 2019; Pandey et al., 2020; Singh, 2015). Given that Cu increased with Cu fertilization, such antagonisms are possible and hence could be contributing to yield losses in the study site. 
 
[bookmark: _Toc140502623]
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CHAPTER SIX
[bookmark: _Toc211370699][bookmark: _Toc211425282][bookmark: _Toc213215621]CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc140502625][bookmark: _Toc199341725][bookmark: _Toc211370700][bookmark: _Toc211425283][bookmark: _Toc213215622]6.1 Conclusion
1. Application of P, Cu, AMF, and their combinations increased soil P and Cu availability in Ferralsols
2. Wheat responded well to increased nutrient uptake and improved use efficiency when P, Cu, and AMF were applied in Ferralsols. The wheat plant utilized the absorbed nutrients from the soil and from the applied fertilizers.
3. Application of P, Cu, AMF, and their combination increased both grain and straw yield of wheat in Ferralsols soils.

[bookmark: _Toc211370701][bookmark: _Toc211425284][bookmark: _Toc213215623]6.2 Recommendation
1. To increase wheat production in Ferralsols co-application of 60 kg AMF ha-1 and 8.8 kg P ha-1 should be used. This is as a result of their ability to improve phosphorus nutrition in wheat.

[bookmark: _Toc213215624]6.3 Way Forward
There is a need for further studies to assess the interaction of varying rates of AMF with other nutrients, such as N and K, on wheat growth and yield to achieve optimal yields.
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[bookmark: _Toc213185989]Appendix I: Analysis of variance for the effect of P, Cu, and AMF on soil available phosphorus
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	11.42
	11.42
	0.14
	0.708

	Copper
	2
	63.35
	31.67
	0.39
	0.676

	Phosphorus
	2
	94.57
	47.29
	0.59
	0.559

	AMF.Copper
	2
	44.53
	22.27
	0.28
	0.759

	AMF.Phosphorus
	2
	265.13
	132.56
	1.64
	0.199

	Copper.Phosphorus
	4
	9.02
	2.25
	0.03
	0.998

	AMF.Copper.Phosphorus
	4
	120.31
	30.08
	0.37
	0.827

	Residual
	90
	7259.75
	80.66
	 
	 

	Total
	107
	7868.08
	
	
	




[bookmark: _Toc213185990]Appendix II: Analysis of variance for the effect of P, Cu, and AMF on soil available copper
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	72.898
	72.898
	68.35
	<.001

	Copper
	2
	404.195
	202.098
	189.49
	<.001

	Phosphorus
	2
	42.914
	21.457
	20.12
	<.001

	AMF.Copper
	2
	7.361
	3.681
	3.45
	0.036

	AMF.Phosphorus
	2
	21.049
	10.525
	9.87
	<.001

	Copper.Phosphorus
	4
	20.249
	5.062
	4.75
	0.002

	AMF.Copper.Phosphorus
	4
	42.994
	10.748
	10.08
	<.001

	Residual
	90
	95.987
	1.067
	
	

	Total
	107
	707.648
	
	
	








[bookmark: _Toc213185991]Appendix III: Analysis of variance for the effect of P, Cu, and AMF on phosphorus uptake
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	1003.11
	1003.11
	15.96
	<.001

	Copper
	2
	20.71
	10.36
	0.16
	0.848

	Phosphorus
	2
	1569.23
	784.62
	12.49
	<.001

	AMF.Copper
	2
	242.7
	121.35
	1.93
	0.151

	AMF.Phosphorus
	2
	149.84
	74.92
	1.19
	0.308

	Copper.Phosphorus
	4
	226.58
	56.65
	0.9
	0.467

	AMF.Copper.Phosphorus
	4
	137.87
	34.47
	0.55
	0.701

	Residual
	90
	5654.91
	62.83
	
	

	Total
	107
	9004.95
	
	
	




[bookmark: _Toc213185992]Appendix IV: Analysis of variance for the effect of P, Cu, and AMF on copper uptake
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	4.2853
	4.2853
	20.1
	<.001

	Copper
	2
	12.8077
	6.4038
	30.04
	<.001

	Phosphorus
	2
	2.1747
	1.0874
	5.1
	0.008

	AMF.Copper
	2
	0.0951
	0.0476
	0.22
	0.8

	AMF.Phosphorus
	2
	0.2771
	0.1386
	0.65
	0.525

	Copper.Phosphorus
	4
	0.1055
	0.0264
	0.12
	0.974

	AMF.Copper.Phosphorus
	4
	0.107
	0.0267
	0.13
	0.973

	Residual
	90
	19.1882
	0.2132
	
	

	Total
	107
	39.0406
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[bookmark: _Toc213185993]Appendix V: Analysis of variance for the effect of P, Cu, and AMF on P uptake efficiency
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	0.41054
	0.41054
	25.83
	<.001

	Copper
	2
	0.0057
	0.00285
	0.18
	0.836

	Phosphorus
	2
	0.16146
	0.08073
	5.08
	0.008

	AMF.Copper
	2
	0.10165
	0.05083
	3.2
	0.046

	AMF.Phosphorus
	2
	0.09983
	0.04991
	3.14
	0.048

	Copper.Phosphorus
	4
	0.09457
	0.02364
	1.49
	0.213

	AMF.Copper.Phosphorus
	4
	0.06068
	0.01517
	0.95
	0.437

	Residual
	90
	1.43035
	0.01589
	
	

	Total
	107
	2.36478
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[bookmark: _Toc213185994]Appendix VI: Analysis of variance for the effect of P, Cu, and AMF on Cu uptake efficiency
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	0.17322
	0.17322
	15.65
	<.001

	Copper
	2
	1.11926
	0.55963
	50.57
	<.001

	Phosphorus
	2
	0.11094
	0.05547
	5.01
	0.009

	AMF.Copper
	2
	0.07428
	0.03714
	3.36
	0.039

	AMF.Phosphorus
	2
	0.01162
	0.00581
	0.53
	0.593

	Copper.Phosphorus
	4
	0.08135
	0.02034
	1.84
	0.129

	AMF.Copper.Phosphorus
	4
	0.00746
	0.00187
	0.17
	0.954

	Residual
	90
	0.99604
	0.01107
	
	

	Total
	107
	2.57417
	
	
	







[bookmark: _Toc213185995]Appendix VII: Analysis of variance for the effect of P, Cu, and AMF on P use efficiency
	Source of variation
	d.f.
	s.s.
	
	m.s.
	v.r.
	F pr.

	AMF
	1
	5600.68
	
	5600.68
	87.48
	<.001

	Copper
	2
	86.9
	
	43.45
	0.68
	0.51

	Phosphorus
	2
	3147.35
	
	1573.68
	24.58
	<.001

	AMF.Copper
	2
	582.26
	
	291.13
	4.55
	0.013

	AMF.Phosphorus
	2
	1749.3
	
	874.65
	13.66
	<.001

	Copper.Phosphorus
	4
	847.35
	
	211.84
	3.31
	0.014

	AMF.Copper.Phosphorus
	4
	332.71
	
	83.18
	1.3
	0.276

	Residual
	90
	5762.27
	
	64.03
	
	

	Total
	107
	18108.83
	
	
	
	




[bookmark: _Toc213185996]Appendix VIII: Analysis of variance for the effect of P, Cu, and AMF on copper use efficiency
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.

	AMF
	1
	4.1192
	4.1192
	14.39

	Copper
	2
	221.2133
	110.6067
	386.34

	Phosphorus
	2
	5.8092
	2.9046
	10.15

	AMF.Copper
	2
	3.1751
	1.5876
	5.55

	AMF.Phosphorus
	2
	0.6409
	0.3205
	1.12

	Copper.Phosphorus
	4
	3.8596
	0.9649
	3.37

	AMF.Copper.Phosphorus
	4
	0.9892
	0.2473
	0.86

	Residual
	90
	25.7666
	0.2863
	

	Total
	107
	265.5731
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[bookmark: _Toc213185997]Appendix IX: Analysis of variance for the effect of P, Cu, and AMF on wheat grain yield 
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	8.9272
	8.9272
	34.13
	<.001

	Copper
	2
	0.4264
	0.2132
	0.82
	0.446

	Phosphorus
	2
	10.7644
	5.3822
	20.58
	<.001

	AMF.Copper
	2
	1.1839
	0.592
	2.26
	0.11

	AMF.Phosphorus
	2
	2.7752
	1.3876
	5.31
	0.007

	Copper.Phosphorus
	4
	1.9375
	0.4844
	1.85
	0.126

	AMF.Copper.Phosphorus
	4
	0.5736
	0.1434
	0.55
	0.701

	Residual
	90
	23.5394
	0.2615
	
	

	Total
	107
	50.1277
	
	
	




[bookmark: _Toc213185998]Appendix X: Analysis of variance for the effect of P, Cu, and AMF on wheat straw yield
	Source of variation
	d.f.
	s.s.
	m.s.
	v.r.
	F pr.

	AMF
	1
	33.6675
	33.6675
	56.15
	<.001

	Copper
	2
	0.2663
	0.1331
	0.22
	0.801

	Phosphorus
	2
	59.3868
	29.6934
	49.52
	<.001

	AMF.Copper
	2
	0.9887
	0.4943
	0.82
	0.442

	AMF.Phosphorus
	2
	2.2694
	1.1347
	1.89
	0.157

	Copper.Phosphorus
	4
	1.4894
	0.3724
	0.62
	0.649

	AMF.Copper.Phosphorus
	4
	3.4419
	0.8605
	1.44
	0.229

	Residual
	90
	53.9675
	0.5996
	
	

	Total
	107
	155.4776
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