Assessment of Soil Macro and Micronutrient Status in Relation to Date Palm Plantation (P. dactylifera) Growth Variabilities Under an Agrisilcultural System in Yola, Nigeria
Abstract
Soil nutrient balance is an important factor influencing the growth and productivity of date palm under agroforestry-based production systems. This study assessed soil macro- and micronutrient status in relation to growth variability of date palm (Phoenix dactylifera L.) within an agrisilvicultural system at Modibbo Adama University, Yola, Adamawa State, Nigeria. The plantation was stratified into high-, medium-, and low-growth zones based on observed variation in tree performance. Soil samples were collected from surface and subsurface layers at five auger points within each growth zone and analyzed for selected macronutrients and micronutrients using standard laboratory procedures. Total nitrogen was determined by the Kjeldahl method, available phosphorus by Bray-1 extraction, potassium by flame photometry, exchangeable calcium and magnesium by ammonium acetate extraction, and micronutrients by atomic absorption spectrophotometry. Data were analyzed using one-way analysis of variance and mean separation was conducted using the least significant difference test at the 5% probability level. The high-growth site recorded 0.1504% nitrogen, 10.399 mg/kg phosphorus, 0.6514 cmol/kg potassium, 4.5080 cmol/kg calcium, and 0.7922 cmol/kg magnesium. The medium-growth site recorded 0.1342% nitrogen, 10.288 mg/kg phosphorus, 0.6154 cmol/kg potassium, 4.2076 cmol/kg calcium, and 1.4564 cmol/kg magnesium, while the low-growth site recorded 0.1212% nitrogen, 9.9698 mg/kg phosphorus, 0.5686 cmol/kg potassium, 3.6626 cmol/kg calcium, and 2.3366 cmol/kg magnesium. Reported statistical results indicated significant variation in nitrogen and magnesium among growth zones, whereas micronutrient concentrations showed no significant differences. The findings suggest that variation in date palm growth within the plantation may be more closely associated with macronutrient availability and cation balance than with micronutrient deficiency. Site-specific soil fertility management and periodic soil monitoring are therefore recommended.
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INTRODUCTION
Soil fertility is determined by a combination of its physical characteristics and nutrient status. In regions characterised by low rainfall, water availability is often the primary factor limiting crop growth and productivity. Essential elements are required for both plant and animal development, as they constitute integral components of plant tissues and function as catalysts or intermediates in numerous metabolic processes (Helena et al., 2020). Soil organic carbon plays a critical role in enhancing the cation exchange capacity of soils. Consequently, a reduction in soil organic matter may result in substantial losses of nutrients and exchangeable base cations. Increased organic carbon levels can also enhance calcium retention in the topsoil by improving the soil's exchange capacity (Li et al., 2020).

Compared with many other soil types, soils associated with date palm plantations are distinguished by the accumulation of litter and the presence of unique microbial and faunal communities (Li et al., 2020). These soils generally exhibit greater porosity, enhanced permeability, more stable soil aggregates, and improved water-holding capacity (Rahman, 2024). The carbon-to-nitrogen (C) ratio in forest soils is typically wide and gradually narrows during decomposition, whereas soils in other ecosystems often possess comparatively lower C ratios (Kekane et al., 2015). Trees contribute significantly to soil fertility through the ecological and physicochemical modifications they induce within the soil environment (Abdulrashid et al., 2024). In tropical forest ecosystems, litterfall represents the principal pathway for the return of organic matter and nutrients to the soil and is fundamental to humus formation (Khan et al., 2024). Soil physical properties have long been recognised as key determinants of tree distribution, growth, and development. Conversely, tree cover contributes to the improvement of soil physical characteristics, thereby creating a mutually beneficial relationship between vegetation and soil quality (Masomeh and Hashem, 2016).

Soil properties are broadly categorised into physical and chemical components, and soil behaviour is largely governed by the composition and interaction of these characteristics. Furthermore, the relative proportions of physical and chemical properties determine the suitability of soil for various land-use practices. Soil is composed of four principal constituents: minerals, air, water, and organic matter. In most soils, minerals account for approximately 45% of the total volume, while air and water each contribute about 25%, and organic matter comprises between 2% and 5% (Amir et al., 2024). The mineral fraction consists of three particle-size classes: sand, silt, and clay (Getachew et al., 2018).

Sand particles are the largest mineral constituents of soil and are composed predominantly of quartz, although other minerals may also be present. Since quartz contains negligible plant nutrients and sand particles possess limited nutrient-retention capacity, sandy soils are highly susceptible to nutrient leaching through rainfall and irrigation. Silt particles are smaller than sand particles and, like sand, consist primarily of quartz (Geraldine et al., 2025). Clay particles are the smallest soil particles and differ substantially from both sand and silt. Most clay minerals contain appreciable quantities of plant nutrients and possess a large specific surface area due to their plate-like structure. As a result, clay-rich soils generally exhibit greater nutrient retention and fertility. Sandy soils are typically less productive than silty soils, whereas clay-containing soils are often the most productive and make more efficient use of applied fertilisers (Unanaonwi, 2015). Although soil is perceived differently by farmers, ranchers, foresters, microbiologists, and other stakeholders according to their specific interests and objectives, a comprehensive understanding and effective management of soil resources remain essential for human well-being and sustainable development (Janna et al., 2025).

The productivity of date palm plantations is highly dependent on the availability and balance of both macro- and micronutrients in the soil. However, the application of pesticides and herbicides may alter soil nutrient dynamics, potentially resulting in nutrient imbalances that adversely affect plant growth and soil fertility. Consequently, it is important to understand the influence of these agrochemicals on soil nutrient status to ensure optimal growing conditions for date palm cultivation.

This study was undertaken to evaluate the macro- and micronutrient status of soils supporting date palm plantations established under an agrisilvicultural system within the study area. Soil fertility is fundamental to the health, productivity, and sustainability of agricultural systems. The availability of essential macro- and micronutrients directly influences plant growth, yield potential, and resilience to environmental stresses. By assessing the nutrient status of the soil, this study seeks to provide valuable insights into the nutritional requirements of date palms and to inform appropriate soil management and fertilisation practices. Maintaining a balanced nutrient supply is essential for optimising plant health, enhancing productivity, and ensuring the long-term sustainability of agricultural production systems. The study was conducted at the date palm plantation of Modibbo Adama University, Yola, Adamawa State, Nigeria. The scope of the investigation was limited to the measurement of parameters necessary to achieve the stated research objective.
MATERIALS AND METHOD
 	The Study Area
This study was conducted at the date palm plantation of the Department of Forestry and Wildlife Management, Modibbo Adama University, Yola, situated within Girei Local Government Area of Adamawa State, Nigeria. The study area is located between latitudes 9°09′ and 9°33′ N and longitudes 12°21′ and 12°54′ E, at an elevation of approximately 339 m above sea level (Figure 1). Adamawa State encompasses the Sudan Savannah, Southern Guinea Savannah, and Guinea Savannah vegetation zones. The region experiences distinct wet and dry seasons, with marked seasonal variations in temperature and humidity.
The rainy season extends from April to November and is characterised by a unimodal rainfall pattern, with peak precipitation occurring during August and September. During this period, moisture-laden south-westerly trade winds originating from the Atlantic Ocean dominate the area's climatic conditions. Approximately 70% of the annual rainfall is received between May and September (Adebayo et al., 2023).
The area records an average of 62 rainy days annually, with a mean annual rainfall of approximately 972 mm. The dry season, commonly referred to as the Harmattan period, occurs between December and March. This season is characterised by the prevalence of dry, dusty, and hazy north-easterly trade winds originating from the Sahara Desert. Air temperatures vary seasonally but remain relatively high throughout the year, ranging from 27°C to 40°C. Although December and January represent the coolest months of the year, the mean temperature during this period remains approximately 34°C (Adebayo et al., 2023).
The natural vegetation of the study area is predominantly of the Sudan Savannah type, characterised by relatively dense vegetation around hills and mountainous landscapes. The vegetation comprises a diverse assemblage of savannah tree species, including Acacia spp., Adansonia spp., and Anogeissus spp. (Akosim et al., 2020).
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Figure 1: Map of Nigeria showing Adamawa State, Girei and Modibbo Adama University Yola.
Source: Geography Information System, Geography Department MAU Yola (2025).
[bookmark: _Hlk223142825] Sampling Design and Data Collection
 Soil sample collection for physio- chemical properties
	A reconnaissance survey conducted at the date palm plantation revealed variations in the growth of the date palm trees. Therefore, the plantation was divided into three areas according to these variabilities (low, medium, and high growth). Five auger points were made and soil samples collected from the surface and subsurface layers in each of the areas (0-30cm and 31-60cm), respectively. These were appropriately labelled in polythene bags and taken to the central laboratory of Modibbo Adama University, Yola, for analysis of micro and macro nutrients
[bookmark: _Hlk223144260]Laboratory Analysis
Soil Macro Nutrients
Total nitrogen (TN)
Total nitrogen was determined by the micro Kjeldahl technique (Bremmer and Mulvaney, 1982). One (1) gram of soil was digested with 10mls of concentrated sulphuric acid; the digested solution was then diluted with 100 mL of distilled water. 10mls of the aliquot was distilled with sodium hydroxide. The distillate was then titrated with 0.01N H2SO4 to a pink endpoint.
[bookmark: _Hlk223144286]Available phosphorus (AVP)
	Available phosphorus was determined in accordance with the procedure outlined by IITA (1979) using the Bray-1 extraction method developed by Bray and Kurtz (1945). A 10 g soil sample was extracted with an ammonium fluoride–hydrochloric acid solution to release plant-available phosphorus. The concentration of phosphorus in the extract was subsequently quantified colourimetrically using the modified single-solution ascorbic acid method described by Murphy and Riley (1962).
[bookmark: _Hlk223144307]Available Potassium (K2O)
	This was estimated by using normal neutral ammonium acetate as an extractant, and the extractant was analyzed using to Flame photometer, Jackson (1973). 
[bookmark: _Hlk223144333] Exchangeable cations
Exchangeable cations (Ca and Mg) were determined using the NH4OAc saturation method at pH 7.0 as described by Thomas (1982). Five (5) grams of soil samples were leached with NH4OAc, and the solution was determined using the titrimetric method.
[bookmark: _Hlk223144352] Soil Micro Nutrients
      Micronutrients (Zn, Fe, Cu, Mn, Mo, and Cl)
	According to Lindsay and Norvell (1978), available micronutrients in soil were removed using 0.005 M diethylene triamine penta acetic acid (DTPA) + 0.01 M calcium chloride + 0.1 M triethanolamine (pH 7.3) and estimated using an atomic absorption spectrophotometer (Analytik jena ZEEnit 700).
[bookmark: _Hlk219463720]Data Analysis 
i. One-way Analyses of Variance (ANOVA) procedures were used to compare the different macro and micro soil nutrients based on location and depth using SPSS Version 20. The statistical model is as follows:
Yij = µ + Ti + eij
Where;
            Yij = the observation in the treatment group (soil sample)
µ = the overall mean of all observations. 
Ti = the effect of the treatment (variation due to different soil treatments). 
eij = the random error associated with the observation in the treatment group. (Xu, et al., 2022).
Mean separation was done using the Least Significant Difference Test (p < 0.05).                                                                                        
 RESULTS
[bookmark: _Hlk223145177] Soil Macronutrients and micronutrients of the study area 
 Soil macronutrients of the high growth site
	The soil nutrient analysis conducted at the high-growth site of the date palm plantation revealed the following concentrations of essential macro- and secondary nutrients: Nitrogen (N): 0.150%, Phosphorus (P): 9.97 mg/kg, Potassium (K): 0.62 cmol/kg, Calcium (Ca): 4.51 cmol/kg, and Magnesium (Mg): 1.46 cmol/kg respectively (Table 1).
	The results indicate that the soil at the high-growth site was relatively fertile, with balanced nutrient availability to support vigorous date palm growth. The moderate nitrogen content (0.150%) provides sufficient supply for vegetative development, while the phosphorus concentration (9.97 mg/kg) is within the optimal range for root development and fruiting. Potassium, recorded at (0.62 cmol/kg), supports carbohydrate metabolism and enhances the plant’s stress tolerance. Secondary nutrients, calcium (4.51 cmol/kg) and magnesium (1.46 cmol/kg), were present in adequate amounts, contributing to cell wall stability and chlorophyll formation, respectively. The soil nutrient profile of this site demonstrates favorable conditions for sustaining high growth performance in date palm plantations.
	The soil analysis of the medium growth site in the date palm plantation as presented in Table.1 revealed the following nutrient concentrations: Nitrogen (N), 0.121%, Phosphorus (P), 10.28 mg/kg; Potassium (K), 0.57 cmol/kg, Calcium (Ca), 4.21 cmol/kg, and Magnesium (Mg), 1.46 cmol/kg, respectively.
	Nitrogen was found to be relatively low, which may contribute to limitations in vegetative growth and leaf development. Phosphorus was within the medium range, indicating a moderate supply adequate for root growth and fruiting. Potassium was adequate, providing sufficient nutrient availability for fruit filling and stress resistance in date palm trees. Calcium content was found to be high, indicating that the soil has good structural stability and adequate supply for root and cellular development. Magnesium was in the moderate to adequate range, supporting photosynthesis and leaf greenness. The results show that while the soil was generally fertile with respect to P, K, Ca, and Mg, the low nitrogen status may be the major limiting factor influencing the growth performance of date palms at this site.
	The soil nutrient analysis carried out at the low-growth site of the date palm plantation are also shown in Table 1. The results revealed the following nutrient concentrations: Nitrogen (N): 0.134%, Phosphorus (P): 10.40 mg/kg, Potassium (K): 0.65 cmol/kg, Calcium (Ca): 3.66 cmol/kg, Magnesium (Mg): 2.34 cmol/kg. The results indicate that the low-growth site had moderate nitrogen content (0.134%) and the highest phosphorus concentration (10.40 mg/kg) among the sites studied. Potassium (0.65 cmol/kg) was slightly higher than in both the high- and medium-growth sites, indicating relatively good availability of this nutrient. However, calcium levels (3.66 cmol/kg) were the lowest across the sites, which may affect cell wall integrity and overall plant structure. Interestingly, magnesium (2.34 cmol/kg) was highest at this site, indicating strong potential for chlorophyll synthesis and photosynthetic activity.  
	The general trends of soil fertility profile at the low-growth site was characterized by relatively high phosphorus, potassium, and magnesium, but reduced calcium and moderate nitrogen. This imbalance, especially the lower calcium in relation to other nutrients, may contribute to the restricted growth observed at this site despite the availability of other nutrients.
Analysis of Variance (ANOVA) with p ≤ 0.05 for the soil macronutrients at all sites revealed significant differences in nitrogen and magnesium. In contrast, phosphorus, potassium, and calcium were not significantly different (Table 1). 
[bookmark: _Hlk223149348]	The Least Significant Difference (LSD) test was performed to compare the mean nitrogen (N) concentrations among high, medium, and low growth sites of date palm plantations. The results showed that the differences in nitrogen levels between the high and medium sites, as well as between the high and low sites, were significant (p < 0.05). In contrast, the difference between the low and medium sites was not significant (p > 0.05). Least Significant Difference (LSD) test was performed to compare the mean magnesium (Mg) concentrations among the low, medium, and high growth sites of date palm plantations. The analysis revealed that the difference between the low and high growth sites was significant (p < 0.05), while the differences between the medium and high, and low and medium growth sites were not significant (p > 0.05).

Table 1: Mean separation of macronutrients of soil according to variability
	Sample ID
	N (%)
	P (mg/kg)
	K (cmol /kg)
	Ca (cmol /kg)
	Mg (cmol /kg)

	High growth site
	0.1504a
	10.399a
	0.6514a
	4.5080a
	0.7922b

	Medium growth site
	0.1342b
	10.288a
	0.6154a
	4.2076ab
	1.4564b

	Low growth site
	0.1212c
	9.9698a
	0.5686a
	3.6626b
	2.3366a

	LSD
	0.0005
	0.8933
	0.8571
	0.1116
	0.0073


Source: Field survey, 2025.
Means with the same letter along the same column are not significantly different.
Keys:  N = Nitrogen, P = Phosphorus, K = Potassium, Ca = Calcium, Mg = Magnesium.  

Table 2: Mean separation of micronutrients of soil according to growth variability
	Sample ID
	Fe 
	Zn 
	Cu 
	Mn 
	B 
	Mo 
	Cl 

	High growth site
	6.44a
	1.06a
	0.60a
	3.33a
	0.72a
	0.030a
	2.39a

	Medium growth site
	6.14a
	1.15a
	0.61a
	3.21a
	0.71a
	0.033a
	2.35a

	Low growth site
	6.35a
	1.15a
	0.64a
	3.25a
	0.7a
	0.033a
	2.43a

	LSD
	0.5402
	0.3649
	0.6909
	0.990
	0.7259
	0.6563
	0.8400


Source: Field survey, 2025.
Means with the same letter along the same column showed no significant differences.
Keys: Fe = Iron, Zn = Zinc, Cu = Copper, Mn = Manganese, B = Boron, Mo = Molybdenum, Cl = Chlorine.
 Discussion
[bookmark: _Hlk223147583]Soil Macro and Micronutrients of the Study Area
 Macronutrient of the high growth site
	The soil nutrient values obtained for the high-growth date palm site (N (0.150 %), P (9.97 mg/kg), K (0.62 cmol/kg), Ca (4.51 cmol/kg), and Mg (1.46 cmol/kg) provide useful insight into the fertility status of the date palm plantation soils; This study conform with that of Shehu  (2022) who stated that the total nitrogen content of 0.150% obtained from the date palm plantation soil indicates a moderate nitrogen status. In guinea savannah soils, this level is often typical of areas with low organic matter inputs and limited biological nitrogen fixation. Shehu, (2022).   further reported that Nitrogen is a primary macronutrient essential for protein synthesis, chlorophyll formation, and overall plant vigor and Usman et al., (2024) also stated that in perennial crops such as date palm (Phoenix dactylifera L.), nitrogen plays a crucial role in leaf production, canopy expansion, and the development of reproductive organs. A deficiency in N usually results in chlorosis of older leaves, stunted growth, and reduced fruit yield as reported by (Ali et al., 2024).
	Moderate nitrogen values, as observed in the high growth, indicates that the soil has undergone some degree of nutrient mineralization from organic residues, possibly from litter fall or manure deposition. However, given the high temperature and low moisture regimes typical of arid and semi-arid ecosystems, nitrogen losses through volatilization and denitrification are common (Hassan et al., 2023). Consequently, periodic application of nitrogen fertilizers or organic amendments is recommended to maintain an adequate N supply for sustainable date palm productivity. Dishan et al., (2022) emphasized that split application of N fertilizers during the vegetative and reproductive stages enhances nitrogen-use efficiency and minimizes nutrient losses in date palm plantation soil.
	The available phosphorus (P) concentration of 9.97 mg kg⁻¹ recorded in the soil of high growth corresponds to a medium fertility class for arid-zone soils. Phosphorus availability is critical for energy transfer (ATP), nucleic acid synthesis, and root elongation in palms as reported by Sharma et al., (2023). In soils with alkaline or calcareous characteristics, such as those found in many date-growing regions of Northern Nigeria, phosphorus fixation by calcium carbonate and iron oxides is a major constraint to P availability as observed by Zhang et al., (2023).
	The moderate P levels observed in this study may be attributed to the slow release of P from organic sources or limited fertilizer application. According to Ahmed et al., (2024), the use of phosphate-solubilizing bacteria and organic amendments such as compost and poultry manure can significantly increase plant-available phosphorus through the release of organic acids that chelate Fe ions. Hence, incorporating such biological and organic strategies in date palm plantations can improve P efficiency and enhance root and fruit development. Moreover, Sharma et al., (2023) reported that palms respond positively to P application up to 20 mg kg⁻¹, indicating that additional P supplementation may further optimize growth and yield.
	Exchangeable potassium (K) measured at 0.62 cmol kg⁻¹ indicates a low to moderate K availability in the soil. Potassium is a key nutrient regulating osmotic balance, enzyme activation, carbohydrate transport, and fruit development as reported by (Mohammed et al., 2023). In date palm, potassium is particularly important for sugar accumulation, fruit ripening, and resistance to environmental stress such as salinity and drought as observed by (Yusuf et al., 2024).
	Low K levels could result from intensive nutrient uptake by palms over successive growing seasons without corresponding nutrient replenishment. Furthermore, the sandy texture typical of many semi-arid soils limits K retention due to a low cation exchange capacity (CEC). Similar results were reported by Dishan et al., (2022), who found that date palm soils under continuous cultivation in tend to exhibit K depletion over time. To maintain optimum fruit quality and yield, the application of potassium fertilizers such as potassium sulfate or organic sources (wood ash, composted plant residues) is recommended. Yusuf et al., (2024) further demonstrated that supplementing soil K to levels above 0.8 cmol kg⁻¹ significantly increased fruit weight and sugar concentration in date palms under irrigated conditions.
	The soil calcium and magnesium concentrations of 4.51 cmol kg⁻¹ and 1.46 cmol kg⁻¹, respectively, indicate a moderate supply of divalent cations. Calcium is important for root elongation, cell wall stability, and structural integrity of plant tissues (Ali et al., 2024). Magnesium, on the other hand, is the central atom in chlorophyll and is vital for photosynthetic efficiency and enzyme activation (Hassan et al., 2023). The observed Ca: Mg ratio of approximately 3:1 falls within the optimal range recommended for most fruit crops, indicating balanced cation availability and favorable soil structure (Usman et al., 2024).
	According Ali et al., (2024) Adequate calcium levels also contribute to improved soil aggregation, water infiltration, and resistance to compaction. However, excessive calcium in calcareous soils may antagonize potassium and magnesium uptake, leading to secondary deficiencies. The presence of a balanced Ca – Mg relationship in this study implies that the soil has a satisfactory exchange complex that supports nutrient retention. Nevertheless, periodic monitoring of exchangeable cations is necessary to maintain long-term soil fertility and prevent nutrient imbalances, especially under continuous irrigation and fertilization regimes which align with report by (Usman et al., 2024).
[bookmark: _Hlk223147628] Implications for Date Palm Nutrition 
	The combined macronutrient profile indicates that the date palm plantation soil possesses moderate fertility, with balanced Ca and Mg levels but slightly lower N, P, and K concentrations. These nutrients are central to photosynthetic activity, energy metabolism, and reproductive growth (Ahmed et al., 2024; Yusuf et al., 2024). The current nutrient status indicates that yield and fruit quality can be further enhanced through integrated soil fertility management practices, such as the application of organic manures, compost, and balanced NPK fertilization (Yusuf et al., 2024).
	Usman et al., (2024) stated that improving organic matter content in date palm plantation soil is particularly important in arid ecosystems, as it enhances microbial activity, CEC, and nutrient retention. Furthermore, intercropping or cover cropping systems can be adopted to reduce nutrient loss, improve soil moisture, and promote biological nutrient cycling. Periodic soil and leaf analysis should also be conducted to refine fertilization programs and maintain nutrient balance in the date palm plantation ecosystem (Mohammed et al., 2023).
[bookmark: _Hlk223147649]Medium-Growth Site in the Date Palm Plantation
	The soil nutrient status at the medium-growth site in the date palm plantation shows adequate levels of macronutrients (P, K, Ca, Mg) but a clear deficiency in nitrogen (N). The measured values (N 0.121%, P ,10.28 mg/kg, K, 0.57 cmol/kg, Ca, 4.21 cmol/kg, Mg,1.46 cmol/kg) indicate a soil that is moderately fertile, with nitrogen being a potential growth limiting factor. This agrees with report of Usman et al., (2024) who stated that the relatively low nitrogen concentration (0.121%) releaved that nitrogen is likely a limiting nutrient at this site. Nitrogen is essential for chlorophyll synthesis, amino acids, proteins, and general vegetative growth. In date palms, nitrogen deficiency typically manifests first in the older leaves as uniform light green coloration, reduced vigor, and stunted growth (Broschat 2006; Electronic data information source/ Institute of food and Agricultural science. (EDIS/IFAS 2020). Indeed, Broschat (2006) reported that nitrogen deficiency in palms is relatively easy to correct; however, without an adequate supply, growth responses will be impaired.  (EDIS/IFAS 2020) also noted that date palms grown on native soils rarely show severe N deficiency unless soil supply is low or leaching is high. Thus, the low N status at this site may be suppressing optimal leaf expansion, biomass accumulation, and overall productivity of the date palms.
	Phosphorus at 10.28 mg/kg falls within a moderate to satisfactory range for many tropical soils. Adequate P is essential for root development, energy transfer (ATP), flowering, and fruit production. In date palm studies, P is often seen as a less limiting nutrient compared to N or K (Bendaly and Labaied 2020). The moderate P level suggests that phosphorus is less likely to be the immediate limiting factor at this site, but regular monitoring is recommended to prevent depletion over time.
	Potassium (K), Calcium (Ca), and Magnesium (Mg) are the primary cations. The levels of K (0.57 cmol/kg), Ca (4.21 cmol/kg), and Mg (1.46 cmol/kg) indicate a generally favorable base cation status. Potassium is vital for fruit quality, osmotic regulation, stress resistance, and cation balance in date palms (Palm Nutrition and Fertilization review). Calcium supports cell wall structure, root health, and can buffer soil acidity, while magnesium is essential for chlorophyll and enzymatic functions (Ahmed et al., 2023).
	However, while the absolute values appear satisfactory, the balance among these cations is equally important. Imbalances can lead to antagonism and reduced uptake of one element by excess of another.  Yang et al., (2024) demonstrated in tomato experiments that imbalanced Ca, Mg, and K could reduce nutrient uptake efficiency through cation competition; correcting the exchangeable cation balance significantly improved Mg and K nutrition. In the present case, if Ca or K is disproportionately high relative to Mg, it could suppress Mg uptake over time. Thus, the ratios (Ca: Mg, K: Mg) should be evaluated and managed.
[bookmark: _Hlk223147673]	Moreover, soils with low cation exchange capacity (CEC) are more susceptible to leaching and nutrient imbalances, making maintenance of base saturation ratios essential (Yang et al., 2024). The interplay of base cations also influences the soil’s buffering capacity and nutrient availability. Implications for Date Palm Growth
	Given that N is low while other nutrients are moderately adequate, it is plausible that nitrogen limitation is suppressing maximal growth and yield potential at this medium growth site. Even though P, K+, Ca+, and Mg are present, the lack of sufficient nitrogen can prevent the palms from fully utilizing the available nutrients. Also, the interplay among base cations means that even acceptable levels of K+, Ca+, and Mg+ do not guarantee optimal uptake unless their balance is maintained (Yang et al., 2024). The antagonistic interactions among K+, Ca+, and Mg+, especially under high supply of one, can reduce uptake of the other cations, with excessive K suppressing Mg+ uptake. (Yang et al., 2024).
	Furthermore, Mg has broader roles beyond plant metabolism: sufficient Mg in soil helps sustain soil microbial health, nutrient cycling, and rhizosphere function (Ahmed et al., 2023). If Mg becomes less available over time, those wider soil–plant interactions may suffer. In date palm cultivation more broadly, nutritional imbalances are common under arid and semi-arid systems, with N often being the most critical to manage. Maintaining balanced fertility is key to sustaining yield, fruit quality, and tree health (Manikandan et al., 2025).
[bookmark: _Hlk223147692] Low-Growth Site in Date Palm Plantation
	 The soil at this site shows moderate to adequate levels of P, K, and Mg, somewhat lower Ca, compared with the medium-growth site, and a nitrogen concentration that, while slightly higher than at the medium site, remains marginal for optimal date palm growth. The pattern shows that nitrogen limitation and cation balance, especially Ca: Mg: K relations, are likely contributors to the observed low stand performance as observed by Manikandan et al. (2025).
	The measured N (0.134%) is still in the low marginal range for perennial palms and may limit vegetative growth, leaf expansion, and yield potential when compared with commonly recommended levels for tree crops. Manikandan et al., (2025) stated that Nitrogen is essential for chlorophyll formation and protein synthesis; even modest N shortfalls can reduce leaf area and photosynthetic capacity in date palms and other perennial crops. Field and controlled studies show clear yield and vegetative responses to Nitrogen application in palms and related crops, indicating the importance of correcting low Nitrogen through appropriate fertilizer or organic inputs (Manikandan et al., 2025). 
	Phosphorus at ~10.4 mg/kg is in the moderate range and is generally adequate for root development and reproductive processes in date palms. Moderate P should not be the immediate limiting factor for growth at this site, but P should be monitored because prolonged cropping without P replenishment can lead to depletion in sandy or low-CEC soils. Organic inputs (composts, manure) can help maintain P availability in arid/semi-arid date palm systems (Ahmed et al., 2023). 
[bookmark: _Hlk223147711] Potassium (K), Calcium (Ca), and Magnesium (Mg) cation balance.
	The K level (0.65 cmol/kg) was adequate and slightly higher than at the medium site; Mg was relatively high (2.34 cmol/kg) while Ca was somewhat lower (3.66 cmol/kg). This finding is similar to a study by Ahmed et al., (2023). Although absolute concentrations of these base cations appear acceptable, the balance among them is critical because cation interactions strongly influence uptake. High ratios of one cation (very high K) can suppress uptake of Mg or Ca through competitive interactions at root exchange sites (K, Mg, and K, Ca antagonism). Research demonstrates that managing exchangeable cation balances and maintaining a suitable CEC (or improving it via organic matter) improves Mg and K nutrition and overall plant performance. Given the relatively high Mg here, Ca: Mg and K: Mg ratios should be calculated and monitored; if Ca is low relative to Mg or K, it may influence root growth and long-term nutrient availability as reported by (Ahmed et al., 2023). 
[bookmark: _Hlk223147730] Possible link to low growth performance.
	Manikandan et al., (2025) reported that, the combination of marginal N and sub-optimal Ca: Mg: K balance can explain why date palms at this site show poor growth: even with adequate P and K, insufficient available N limits the trees’ capacity to produce foliage and exploit other nutrients, and imbalanced cations can reduce the effective uptake of Ca or Mg when needed. Studies on date palm and comparable crops indicate that addressing N shortages and restoring balanced base cation ratios improves leaf nitrogen content, chlorophyll indices, and dry matter accumulation, all linked to better growth and yields.
[bookmark: _Hlk223147751]The Soil Micronutrients of the Date Palm Plantation Soils
 Micronutrients of the High-Growth Site
	The results obtained from the high growth site of the date palm plantation indicate a generally balanced availability of essential micronutrients that are critical for sustaining vigorous tree growth. The iron (Fe) concentration of 6.44 mg/kg falls within the adequate range required for optimal plant metabolic activities. Iron is essential in chlorophyll synthesis and redox reactions, and sufficient levels often correlate with enhanced photosynthetic performance and tree vigor. This study conformed with the of study (Al-Harrasi et al., 2023). who stated that the presence of adequate Fe in the soils of the high growth site of the date palm plantation soils may therefore partly explain the superior performance of date palms trees in the study site.
	Zinc (Zn) was recorded at 1.06 mg/kg, which is considered sufficient for enzymatic activities and auxin metabolism in plants. Adequate Zn availability is known to enhance fruit set and improve overall date palm productivity as reported by Khalid et al., (2024). Similarly, Sharma et al., (2023) reported that, copper (Cu) at 0.60 mg/kg indicates sufficient availability since Cu plays a vital role in lignin synthesis and reproductive development. (Akinola et al., 2022) have emphasized that soils with moderate Cu levels support stronger structural growth in perennial crops.
	Manganese (Mn) was found at 3.33 mg/kg, reflecting adequate supply for enzyme activation and photosynthetic efficiency. This finding aligns with Zhang et al., (2023) who stated that Mn also interacts with Fe in maintaining chloroplast stability, thus promoting growth of date palm in well-nourished soil. Boron (B) concentration of 0.72 mg/kg indicates sufficient levels for reproductive development, cell wall stabilization, and sugar translocation, all of which are essential for sustaining fruit-bearing date palms as observed by (Usman et al., 2024). 
	Molybdenum (Mo) was relatively low at 0.030 mg/kg; however, even trace levels are adequate to catalyze nitrate reduction and nitrogen fixation, processes critical in legume-based agroecosystems as well as in tree crops like date palm. These studies conformed with Sun et al., (2024). Chloride (Cl) concentration at 2.39 mg/kg was relatively higher than other micronutrients. While excessive chloride can lead to toxicity, moderate levels are beneficial for osmotic adjustment and photosynthetic efficiency, especially in semi-arid environments where date palms thrive as observed by (Rahman et al., 2022).
 	The balanced micronutrient profile of the soils at the high growth site likely contributes to the superior growth performance of date palm trees. This finding aligns with reports of (Al-Saidi et al., 2025) stated that adequate micronutrient management enhances date palm vigor, fruit quality, and resistance to environmental stress.
[bookmark: _Hlk223147772]   Micronutrient of the Medium Growth Site
	The results of micronutrient analysis at the medium growth site of the date palm plantation revealed relatively balanced concentrations of essential elements required for sustaining moderate growth performance. Iron (Fe) was 6.14 mg/kg, a level considered adequate for chlorophyll synthesis and electron transport. Adequate Fe availability enhances photosynthetic efficiency and reduces the incidence of chlorosis in tree crops. This finding aligns with reports of (Al-Harrasi et al., 2023). who Compared the optimal ranges, this concentration is supportive but slightly lower than that of the high growth site, which may partially explain the comparatively moderate growth performance of date palms in this location.
	Zinc (Zn) concentration of 1.15 mg/kg was observed, indicating sufficient availability for enzymatic regulation, auxin metabolism, and reproductive development. Zinc is critical in pollen viability and fruit set, and its adequacy often correlates with improved productivity in perennial crops like date palm as observed by (Khalid et al., 2024). Similarly, copper (Cu) at 0.61 mg/kg reflects sufficient supply since Cu is essential in lignification, oxidative stress regulation, and reproductive development as reported by (Sharma et al., 2023).
	According to Zhang et al., (2023) the presence of Manganese (Mn) at 3.21 mg/kg, is a concentration within the adequate range for enzyme activation, photosynthesis, and chloroplast protection. Mn works synergistically with Fe in maintaining chloroplast integrity. Boron (B), recorded at 0.71 mg/kg, was slightly lower than in the high growth site but still within the critical range needed for cell wall stability, reproductive success, and sugar translocation in fruit of date palm as observed by (Usman et al., 2024).
	Molybdenum (Mo) was found at 0.033 mg/kg, representing a trace but sufficient level to catalyze nitrogen metabolism and nitrate reduction, processes vital for nitrogen-use efficiency in data palm plantation soils. This finding agrees with the reported of Milka, (2020),and Sun et al., (2024) who observed that Chloride (Cl) concentration at 2.35 mg/kg reflects moderate levels that can positively contribute to osmotic adjustment and stomatal regulation for date palms in arid and semi-arid environments as equally observed by (Conrad et al., 2020, and Rahman et al., 2022).
	Taken together, the micronutrient profile of the medium growth site reflects a balanced but slightly lower nutrient abundance compared to high growth soils, which may account for the moderate growth rate observed in the plantation this study confirms with reports of (Andrea, 2018, and Al-Saidi et al., 2025). Stated that, the availability of Fe, Zn, Cu, Mn, B, Mo, and Cl in sufficient concentrations demonstrates that soils at the medium growth site still maintain favorable fertility conditions for sustaining productive date palm growth.
[bookmark: _Hlk223147796]  The low growth site of the date palm plantation
	The analysis of micronutrients at the low growth site of the date palm plantation revealed a relatively balanced but slightly variable distribution of essential elements that may explain the reduced growth performance of trees in this area. Iron (Fe) concentration was 6.35 mg/kg, which is within the adequate range for photosynthesis and chlorophyll formation. However, minor variations in Fe availability across soil microsites can influence leaf greenness and overall vigor of date palms (Al-Harrasi et al., 2023).
	Zinc (Zn) was measured at 1.15 mg/kg, a concentration sufficient for enzymatic activation, auxin metabolism, and reproductive development. Adequate Zn levels have been linked with improved fruit set in date palms and other perennial crops (Khalid et al., 2024). Copper (Cu) concentration of 0.64 mg/kg was slightly higher than in the medium growth site, indicating sufficient levels to support lignin synthesis, disease resistance, and reproductive growth. Nonetheless, excess Cu in localized soils may interact antagonistically with other nutrients and affect nutrient balance (Sharma et al., 2023).
	Manganese (Mn) was observed at 3.25 mg/kg, reflecting adequate supply for enzyme activation and photosynthetic processes. However, Mn concentrations near the lower threshold can limit efficient chloroplast stability, particularly in semi-arid environments (Zhang et al., 2023). Boron (B), detected at 0.70 mg/kg, was slightly lower compared to the high growth site. Since B is critical for reproductive success, cell wall stability, and sugar transport, its relatively lower concentration may be a limiting factor contributing to reduced fruit development in the low growth area (Usman et al., 2024).
	Molybdenum (Mo) at 0.033 mg/kg was consistent with values recorded in the medium growth site. Despite its low concentration, Mo plays a catalytic role in nitrate reduction and nitrogen metabolism, and trace availability is often sufficient for crop growth in arid regions (Sun et al., 2024). Chloride (Cl) concentration at 2.43 mg/kg was relatively higher than in the other sites. While chloride supports osmotic balance and photosynthesis, elevated levels can contribute to salt stress in semi-arid soils, thereby influencing growth negatively (Rahman et al., 2022).
	 The micronutrient composition of the low growth site reflects generally adequate levels of Fe, Zn, Cu, Mn, B, Mo, and Cl. However, the slightly lower boron concentration and higher chloride levels could be key contributors to the relatively poor growth performance of date palms in this part of the plantation. This aligns with the findings of (Al-Saidi et al., 2025) that subtle imbalances in micronutrient availability, even when individual elements are within adequate ranges, can significantly affect perennial crop productivity.
Conclusion
This study assessed the status of selected soil macro- and micronutrients in relation to observed growth variability of date palm under an agrisilvicultural system in Yola, Nigeria. The results showed measurable differences in nutrient distribution among high-, medium-, and low-growth zones. Nitrogen declined from the high-growth site to the low-growth site, while magnesium was highest in the low-growth site. Phosphorus, potassium, and calcium showed comparatively smaller differences across the growth zones, although calcium was lowest in the low-growth site. The micronutrients assessed, including iron, zinc, copper, manganese, boron, molybdenum, and chlorine, did not show significant differences among growth zones based on the reported statistical results. These findings indicate that the observed variation in date palm growth may be linked primarily to macronutrient status and the balance among exchangeable cations rather than to major micronutrient limitation. Soil fertility management in the plantation should therefore emphasize regular monitoring of nitrogen, calcium, magnesium, and potassium, together with appropriate organic and inorganic nutrient inputs. Maintaining balanced nutrient availability will support improved growth performance and long-term productivity of date palm in the study area.
Limitations
This study was limited to the assessment of selected soil macro- and micronutrients within one date palm plantation at Modibbo Adama University, Yola. The findings therefore represent the nutrient status of the sampled plantation and should be applied cautiously to other locations with different soil, climate, and management conditions. Although soil samples were collected from surface and subsurface layers, the results were mainly presented according to growth variability zones, and depth-related variation was not fully discussed. The study also did not include detailed soil physical and chemical properties such as texture, pH, organic matter, electrical conductivity, or cation exchange capacity, which could further explain nutrient availability and plant response. In addition, plant tissue analysis, yield data, and long-term seasonal measurements were not included. These factors limit the ability to establish direct causal relationships between soil nutrient status and date palm growth performance. Future studies should combine soil analysis with leaf nutrient assessment, growth measurements, and repeated sampling across seasons.
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