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Effect of Arbuscular Mycorrhizal Fungi in enhancing P Uptake and Use Efficiency of wheat (Triticum aestivum L.)  on Ferralsols: A Study at Uasin Gishu County, Kenya

Abstract
[bookmark: _Hlk203642346]Deficiency of macro and micronutrients is a major challenge to sustainable wheat production. Integrating biostimulants such as Arbuscular Mycorrhizal Fungi (AMF) and inorganic fertilisers has been shown to enhance wheat production by optimising their mutual benefits. However, integration of AMF and micronutrients has not been prioritised, especially in low-input systems. Thus, a two-season field study was conducted at the University of Eldoret farm, Uasin Gishu County, Kenya, in Ferralsols to evaluate the integrated effect of AMF concoctions with phosphorus (P) and copper (Cu) fertilisers on productivity, nutrient uptake, and use efficiency. The different levels of P, Cu, and AMF were combined. The treatments were arranged in a factorial Randomised Complete Block Design (RCBD) and replicated three times. Two levels of AMF (0 and 60 L 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. Generalised linear models (GLM) were used to test the effects of AMF and fertiliser type on soil chemical properties and crop performance indices. Analysis of variance (ANOVA) was used to assess significant differences between the selected models. Results show that AMF did not have a significant impact on soil available P, and 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 increased P and Cu use efficiency 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 L 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 P fertilisers while increasing wheat grain yield. This study recommends co-application of 60 L AMF and 8.8 kg P ha-1 for improving wheat yield and P nutrition in wheat.
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1. Introduction 
[bookmark: _Hlk203228685]Wheat (Triticum aestivum L.) is an important staple food grain crop with an estimated cultivated area of more than 217 million ha-1 (FAOSTAT, 2024). It is extensively used for food, industrial and domestic utilisation, such as starch production, alcohol, livestock feeds, and baking. This is due to its high nutritional value, viz.  71% carbohydrates, 13% protein, 2% fat, and 12% dietary fibre. Additionally, wheat is a good source of zinc, iron, niacin, thiamine, and pyridoxine, among others (Kumar et al., 2011). It is estimated that it provides about 20% of the global dietary proteins and calories (Erenstein et al., 2022). Although wheat grows best in altitudes greater than 1200 m above sea level (asl), it could also grow in lower altitudes, making it one of the most grown cereals in the world, with an estimated cultivated area of more than 217 million ha-1 (FAOSTAT, 2024). With the growing human and livestock population, demand for wheat is expected to rise substantially annually.
[bookmark: _Hlk202361561][bookmark: _Hlk204115276]Globally, there is an 11.2 million Mg deficit in the amount of wheat consumed. This is attributed to low yields across the majority of the wheat-producing countries (Islam et al., 2021). For example, wheat grain yields in most Sub-Saharan African countries are still below 3 t ha-1, which compares poorly with other leading countries in wheat production, such as Egypt, whose average yield is above 6.5 t ha-1 or even the world average value of about 3.5 t ha-1 for the period between 2020 and 2023 (FAOSTAT, 2024). This has been attributed to several production constraints, such as diseases, extreme droughts, extreme temperatures, and, more importantly, low and declining soil fertility (Erenstein et al., 2022). Wheat is majorly grown on soils such as Ferralsols, Andosols, Acrisols, Alisols, Planosols among others, which are characterised by inherently low available P, high P sorption, and deficiencies of micro-nutrients such as Zn and Cu (Keino et al., 2015; Njoroge et al., 2017; Raminoarison et al., 2020). Additionally, there has been a very negligible addition of these micronutrients, leading to nutrient mining. On average, a wheat yielding about 4.6 Mg ha-1 mines about 0.15 kg Cu ha-1 (Roy et al., 2007). While 50% of agricultural land is Cu deficient (Moreira et al., 2022), leading to a decline in both food and nutritional security.   
[bookmark: _Hlk204115184][bookmark: _Hlk193442070]Indiscriminate use of chemical synthetic inorganic fertilisers may decrease crop yield, while lowering biological activity and adversely affecting soil physical properties to a greater extent (Nahuelcura et al., 2022). This may also increase soil acidity when used continuously for a very long time, resulting in yield loss.  They reduce crop yield due to soil acidification and a lack of appropriate micronutrients. This also affects nutrient uptake efficiency (Adane et al., 2020). Deficiency of P, and micronutrients such as Cu and Zn can be corrected by exploring the potential of integrating biotrophic endophytic microorganisms such as arbuscular mycorrhizal fungi (AMF) with inorganic fertilisers, 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 optimise the use of inorganic fertilisers. AMF colonisation in plant roots has been shown to improve nutrient and water uptake, increase photosynthetic rates, regulate hormonal levels, and upregulate antioxidant systems to alleviate salt-induced damage (Senthilkumar et al., 2024). Some studies have proven the compatibility of AMF with the 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. AMF improves plant tolerance and resilience to abiotic stressors such as drought, salt, and heavy metal toxicity. Plants’ antioxidant defence systems, osmotic adjustment, and hormone regulation are also affected by AMF infestation. These responses promote plant performance, photosynthetic efficiency, and biomass production in abiotic stress conditions. As a result of its positive effects on soil structure, nutrient cycling, and carbon sequestration, AMF contribute to the maintenance of resilient ecosystems (Wahab et al., 2023). Despite the potential of such beneficial associations in addressing the decreasing wheat yield, there is still limited knowledge about how inorganic fertiliser-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 fertilisers on wheat yield and nutrient agronomic efficiencies in Ferralsols. We hypothesised that the use of AMF reduces P and Cu fertiliser applications while optimising their agronomic efficiencies.

2. Materials and methods
2.1 Description of the study area
A two-year on-farm trial was conducted at the University of Eldoret farm, Uasin Gishu County, Kenya. The site is located at latitude 0° 34′ N and longitude 35° 18′ E. The area lies at an altitude of 2150 m above sea level and receives a nearly unimodal rainfall distribution pattern with a peak between May and August at an average rainfall of 900 mm – 1200 mm annually. Temperature ranges between 25 ºC to 32 ºC. Soils within the study area are Rhodic Ferralsols according to the FAO/UNESCO classification (Jaetzold et al., 2010), characterised by a sandy clay loam texture (Table 1). The soil was 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).

Table 1: Soil physicochemical properties of the study site
	Soil physicochemical 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



2.2 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 consisted 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 L and 60 L ha-1) using Rhizatech® biofertilizer, which majorly contains Rhizophagus irregularis, an arbuscular mycorrhizal fungus used as a soil inoculant. The different levels 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 factorial Randomised Complete Block Design (RCBD) and replicated three times. Weeding was done twice in each season, and no disease and pest management was done during the seasons. Wheat was harvested at physiological maturity and dried to a moisture content of 13%.


Table 2: Treatment combinations
	Treatment abbreviation
	Treatment descriptions

	T1
	0 kg P and Cu ha-1

	T2
	60 L 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 L AMF ha-1

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

	T7
	5 kg Cu ha-1

	T8
	10 kg Cu ha-1

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

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

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

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



2.3 Soil sampling and nutrient analysis
Soils were sampled from each plot (0-20 cm), air-dried and sieved through a 2 mm mesh. The samples were analysed 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 colourimetric and atomic absorption spectrophotometer, respectively. 

2.4 Determination of crop performance indicators 
The grain and straw yield were converted into Mg per ha according to Eq. 1.

					Eq. 1
Nutrient uptake (kg ha-1) was then computed using Eq. 2
	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 fertilisers in addition to the portion of specific nutrients 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
	
2.5 Statistical Data Analysis
Generalised linear models (GLM) were used to test the effects of AMF and fertiliser 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 the R statistical software (R Core Team, 2023). AMF-based biofertilizer and the inorganic fertiliser type (P or Cu) were considered as fixed factors. Two-way three-way interactions between AMF and fertiliser, each of the inorganic fertilisers was 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 detail 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.

[bookmark: _Hlk192238756]3. Results
[bookmark: _Hlk189597550][bookmark: _Hlk190269469]3.1 Effect of AMF, P, and Cu fertilisers on available P and Cu in soil
Application of P-fertiliser, 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 soil. In 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 fertiliser led to an increase in available Cu in the soil in both long rain seasons 2018 and 2019. The application of Cu fertiliser 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 L ha-1 was co-applied with 10 mg Cu kg-1, which led to an increase of available Cu close to 2 times above the control in both seasons on average.
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[bookmark: _Hlk191168666]Table 3: Effect of AMF, P and Cu fertilisers on available P and Cu in soil.
	AMF application rate (L 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-rains season 2018
	
	Available P (mg kg1)
	
	Available Cu (mg kg1)

	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-rains 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 fertiliser, 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 fertiliser 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: _Hlk190169209][bookmark: _Hlk189470576]3.2 Effect of AMF, P and Cu fertilisers on P and Cu uptake in wheat
[bookmark: _Hlk191164184][bookmark: _Hlk191164528]AMF and P fertiliser increased P uptake across the two seasons (Table 4). In the long rain season of 2018, AMF significantly 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 of 2019, where AMF increased P uptake by about 30%. Application of P fertiliser 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 L 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 fertiliser had no significant effects on P uptake across the two seasons. 
[bookmark: _Hlk189475263][bookmark: _Hlk191167897]Similar to P, AMF had a significant impact on Cu uptake. For example, in the long rains season of 2018, plots receiving 60 L 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 a 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 L 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 L AMF ha-1 had no significant impact on Cu uptake. Generally, the application of P fertiliser did not affect Cu uptake across the two seasons.

Table 4: Effect of AMF, P and Cu fertilisers on P and Cu uptake in wheat.
	AMF application rate (L 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 phosphorus fertiliser, 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 fertiliser 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: _Hlk189508646]3.3 Effect of AMF, P and Cu fertilisers on P and Cu uptake efficiency in wheat
[bookmark: _Hlk190271529][bookmark: _Hlk189340875]AMF and P fertilizers enhanced P uptake efficiency (PUpE), but the highest impact was induced by AMF (Table 5). In 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 L ha-1 had no significant influence on PUpE compared with AMF 60 L ha-1 applied alone during the long rain season in 2018, the differences between the two treatments were 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. 
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 fertiliser 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. 

[bookmark: _Hlk188740655]Table 5: Effect of AMF, P and Cu fertilisers on P and Cu uptake efficiency in wheat.	
	AMF application rate (L 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-rains 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-rains 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 phosphorus fertiliser, 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 fertiliser 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.

3.4 Effect of AMF, P, and Cu fertilisers 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 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 the 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 L 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 L ha-1 alone and 30% where AMF 60 L ha-1 was co-applied with 17.6 kg P ha-1. Cu had no significant effect on PUE.
AMF significantly increased Cu use efficiency (CuUE) by 18 and 35% above plots without AMF in the 2018 and 2019 long rain seasons, respectively. In both seasons increase in Cu application led to a decrease in 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 fertiliser at 5 and 10 kg ha-1 led to a 62% and 76% decrease in CuUE compared with the control. Similar effects were observed in the 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 fertiliser 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 fertiliser had no significant effect on CuUE across the two seasons.


Table 6: Effect of AMF, P and Cu fertilizers on P and Cu use efficiency in wheat.
	AMF application rate (L 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-rains season 2018
	 
	P use efficiency (kg yield kg1 P supply) 
	
	 Cu use efficiency (Mg yield kg1 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-rains 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.


3.5 Effect of AMF, Phosphorus, and Copper 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 of 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 of 2019, where AMF increased wheat grain yield by 33% from 2.55 to 3.39 Mg ha-1. Sole application of P fertiliser 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 L AMF ha-1 compared with 60 L AMF 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. 
Generally, Cu fertiliser showed no significant influence on the grain yield compared with the control. The only effect due to Cu fertiliser 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: Effect of AMF, P and Cu fertilisers on wheat grain and straw yield.
	AMF application rate (L 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
	 
	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 phosphorus fertiliser, 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 fertiliser 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: _Hlk192498011]4. Discussion
4.1 Influence of AMF, phosphorus, and copper fertilisers on available P and Cu in soil
[bookmark: _Hlk202361975][bookmark: _Hlk202361998][bookmark: _Hlk204117190][bookmark: _Hlk202362067]The results of this study showed that the 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 the 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 fertiliser 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/or AMF. This could mean that the amount of P fertiliser applied could not have been enough to meet crop needs. This notwithstanding, we cannot rule out possibilities of P immobilisation through inorganic complexation of Pi Al and Fe oxyhydroxides, given that these are dominant Ferralsols (Yli-Halla et al., 2016). On the other hand, application of AMF and Cu fertiliser increased the available Cu in the soil by about 2 times above the control. This was expected as the increase in the nutrient 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 fertiliser. At an acidic pH, as was the case in our study site, dissolved Cu increases due to its weaker adsorption, thereby increasing free Cu ion activity in the soil (Yruela, 2009). 

4.2 Influence of P, Cu, and AMF on uptake, uptake efficiency, and use efficiency in wheat
[bookmark: _Hlk204117641][bookmark: _Hlk202124161][bookmark: _Hlk202362154][bookmark: _Hlk204118497]P fertiliser increased P uptake in our study, 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 our 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 about 7 kg ha-1 above the control, when P fertiliser 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 our study of between 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, could have suppressed phosphate transporters, reducing their efficiency in P uptake and transport (Naureen et al., 2018). Similarly, the application of Cu fertiliser 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]Our 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%, an uptake range of what was obtained in our 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 mobilisation by collaborating with phosphate-solubilising bacteria (PBS) through hyphal exudates, increasing phosphatase secretion responsible for the solubilization of insoluble P forms (Liu et al., 2025). AMF also reduces immobilisation 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 fertiliser could have suppressed root colonisation 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 our 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 fertiliser was applied to the wheat crop at 11 kg P ha-1. However, the authors reported that increasing P fertiliser 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 fertiliser 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 excess of this nutrient gets its way into water bodies through surface runoff. The PUE reported in our study was higher by more than 20 times compared than that reported in a recent study by Yan et al. (2024) of 18 kg grain kg-1 P, when P fertiliser was applied at 100 kg P ha-1. This variation could be attributed to differences in soil type, SOM, available soil P, and variety. Yan et al. (2024) 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 fertiliser led to a decrease in CuUE, which could have been brought about by the supply of Cu in excess of 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., 2019; Migocka & Malas, 2018; Wairich et al., 2022). 

4.3 Influence of AMF, phosphorus, and copper fertilisers on wheat grain and straw yield 
Combined application of AMF and P fertiliser at half the recommended rate significantly increased wheat grain yields across the two-rain season, 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 nutrient 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 fertiliser 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 our study. A synergistic relationship between AMF and P fertiliser has also been observed in barley, where the 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 fertiliser 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; Roozitalab et al., 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 our 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 nitrogen (N), potassium (K), calcium (Ca), magnesium (Mg), sulfur (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 fertilisation, such antagonisms are possible and hence could be contributing to yield losses in our study site. 
 
5. Conclusions
Wheat is a critical food and cash crop in Sub-Saharan Africa owing to its role in energy and protein provision. However, phosphorus deficiency is a major limiting factor to wheat production in Ferralsols. The finding of the current study concludes that the application of AMF enhanced and improved the uptake, uptake efficiency and use efficiency of P and Cu.  This study recommends co-application of 60 L AMF and 8.8 kg P ha-1 for improving wheat yield and P nutrition in wheat. However, further studies are required to assess the interaction of varying rates of AMF with other nutrients, such as N and K, to enhance the production potential of the wheat crop with higher productivity. 
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