Assessment of the effect of Iron and Zinc distribution on the growth and yield performance of Maize (Zea mays L.) under different parent materials in Akwa Ibom State, Nigeria



Abstract
This study examines the effect of iron (Fe) and zinc (Zn) distribution on the growth and yield performance of maize (Zea mays L.) in soils derived from different parent materials in Akwa Ibom State, Nigeria. A total of 25 surface soil samples (0-20 cm) were collected from soils formed over alluvial deposits, beach ridge sands, coastal plain sands, sandstones, and mangrove swamps. Two separate screen-house and field experiments were conducted using a completely randomized design (CRD) to assess maize response to Fe and Zn fertilization at five application rates (0, 2.5, 5.0, 7.5, and 10 kg/ha). The results showed that Fe and Zn availability significantly influenced maize growth parameters, including plant height, leaf area, stem girth, and dry matter yield. The optimal Fe and Zn application rates for maize growth and yield were found to be 7.5 kg/ha, leading to significant improvements in biomass accumulation, nutrient uptake, and grain yield. Among the soil extractants tested, 0.1M HCl and Coca-Cola demonstrated the highest correlation with Fe and Zn availability, making them the most effective in predicting micronutrient bioavailability. The findings highlight the importance of Fe and Zn supplementation in nutrient-deficient soils and suggest that soil parent material plays a crucial role in micronutrient distribution and maize productivity. These findings have important implications for soil fertility management and maize production strategies in Akwa Ibom State and similar agroecological zones. The study underscores the need for site-specific micronutrient management, particularly in Fe- and Zn-deficient soils, to enhance maize productivity. The identified effective extractants can serve as practical tools for rapid soil testing and targeted fertilization, ensuring efficient nutrient use and improved crop yield. Integrating these insights into extension programs and precision agriculture practices can contribute to sustainable maize production and food security in the region.
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INTRODUCTION
 Micronutrient deficiencies in soils supporting maize (Zea mays L.) production are a significant global concern, particularly in tropical and subtropical regions (Alloway, 2008; Dimkpa & Bindraban, 2016). Despite the recognition of micronutrient limitations, iron (Fe) and zinc (Zn) deficiencies remain prevalent, contributing to reduced crop yields and nutritional disorders in plants (Sharma et al., 2021). These deficiencies are especially common in the tropical rainforest soils of Southeastern Nigeria, where continuous cultivation and intensive cropping practices have led to nutrient depletion (Ejimofor et al., 2023). High-yielding maize cultivars, which require greater nutrient inputs, further exacerbate this issue by depleting micronutrient reserves at a faster rate (Sanchez et al., 2022). The availability of micronutrients in soils is critical for optimal plant growth, as the total concentration of these elements does not necessarily reflect their plant-available forms (Hänsch & Mendel, 2022). Fe and Zn deficiencies in agricultural soils have been linked to factors such as soil parent material, land use, and management practices (Kumar et al., 2021). In Akwa Ibom State, most cultivated soils are derived from diverse parent materials, including coastal plain sands, beach ridge sands, sandstones, alluvial deposits, and mangrove swamps. These soils are characterized by low fertility, requiring significant inputs to sustain agricultural productivity (Nath et al., 2021). The soil properties are largely influenced by climate, topography, and agricultural land management, which contribute to the variability in micronutrient distribution (Eze et al., 2022). The challenges associated with low soil fertility in Akwa Ibom State have led to the abandonment of some farmlands, not necessarily due to degradation but because of inherent soil limitations, including poor micronutrient availability (Onyekwere et al., 2021). These soils are often classified as marginal, requiring targeted soil amendments to sustain productivity (Singh et al., 2023). Studies have shown that intensive and continuous cropping without micronutrient supplementation leads to a steady depletion of Fe and Zn, making micronutrient deficiencies more widespread (Mishra et al., 2022). Although Fe is typically abundant in tropical soils, its availability is affected by soil pH and organic matter interactions, while Zn deficiencies are more common due to leaching and high soil acidity (Zhang et al., 2023). Previous studies on Fe and Zn distribution in Nigerian soils have largely focused on major geological formations, including basement complex and sedimentary rock-derived soils (Udom et al., 2020; Ejimofor et al., 2023). However, despite reports of high Fe concentrations in marine sediment-derived soils, Zn deficiencies remain prevalent in certain regions of Southeastern Nigeria (Eteng et al., 2022). Furthermore, acidic soils in the region may result in excessive availability of certain micronutrients such as Zn, Al, and Mn, potentially leading to toxicity in plants (Udo et al., 2021). The most reliable method for assessing micronutrient availability is through soil solution analysis, which provides insights into their plant-available forms (Gronflaten & Steinnes, 2022). Given the importance of Fe and Zn in maize nutrition and the increasing depletion of these nutrients in tropical soils, further research is required to understand their distribution and impact on crop performance. The aim of this study is to assess the effect of Fe and Zn distribution on maize growth and yield in Akwa Ibom State, Nigeria. The findings will provide essential insights into nutrient management strategies for improving maize productivity in the region.


MATERIALS AND METHODS
DESCRIPTION OF THE STUDY AREA 
The soil samples for the studies were collected from Ikot Abasi, Eastern Obolo, Esit Eket, Eket, Mkpat Enin, Onna, Ibeno, Mbo and Itu Local Government Areas of Akwa Ibom State, Nigeria. The area is located within latitudes 4º35’ and 4º40’ N and between longitudes 7º30’ and 8º15’ E. (Fig. 1) in the rainforest zone, covering a total land area of 8,421sq.km. The State is underlain mainly by the coastal plain sands, the beach ridge sands, sandstones, alluvial deposits and mangroves soil (Petters et al., 1989). Physiographically, the landscape comprises a low-lying plain and riverine area with almost no portion of the State exceeding 175m above sea level. 
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Fig. 1: Soil map of Akwa Ibom showing sampling points.

Soil sampling and Sample collection
The sampling sites selected covered a wide range of soil types formed over alluvia deposits (AD), beach ridge sands (BRS), coastal plain sands (CPS), sandstone (SS) and mangrove soils (MGS) parent materials in Akwa Ibom State (Figure 1). In each soil type, five sampling locations were selected and the soils samples were collected in soils which comprised of cultivated and fallow lands. In all a total of Twenty-five (25) surface (0-20 cm) composite soil samples were collected. At each sampling point, the area was cleared with the aid of a machete while, the auger was used to dig out the soil to a depth of 0-20cm, a total of 400 kg of soils were collected for laboratory analysis.
Screen-house Study
The studies were comprised of two separate experiments to determine the effects of Fe and Zn fertilizer levels on the growth performance and yield components (DMY, Nutrient concentration and uptake) of maize (Zea mays L.) on the soils derived from five parent materials. Experiment 1 was conducted between Wednesday, 13th May and Saturday, 27th July, 2015 (6 WAP) at the Screen-house of Soil Science Unit of National Root Crop Research Institute, Umudike (NRCRI), Nigeria. The experiment was conducted in a Screen-house environment, using plastic containers. fifteen kilogrammes (15 kg) of the soil samples from each of the different parent materials were air-dried, sieved (2mm), and weighed into plastic containers of 12 liters capacity, and placed on a flat plastic receiver. For each experiment, a total number of 75 plastic containers [i.e., 5 soil types x 5 rates of the test-fertilizer (Fe) x 3 replicates] were arranged in a completely randomized design (CRD) factorial experiment and, the same 75 plastic containers comprising [5 soil types x 5 rates of the test fertilizer (Zn) x 3 replicates] also arranged in a completely randomized design (CRD) factorial experiment. Before sowing, a basal dose of N, P2O5 and K2O at 120, 60 and 40 kg ha-1 were applied as urea, MOP and SSP, respectively while, iron (Fe) and zinc (Zn) fertilizers were applied separately, at the rates; 0, 2.5, 5, 7.5, and 10 kg ha-1 as reagent grade, Fe2SO4.5H2O and ZnSO4.7H2O in solution forms, respectively. The soils were watered to field moisture capacity (adjusted to 70 %) with distilled water and allowed to stand for 48 hours in the greenhouse. Maize seeds (Oba Supper II yellow) a hybrid variety was sown at 6 seeds rate per container and later thinned to four seedlings a week after germination. Six weeks after germination, the plants (roots and shoot) were harvested (since the stems were too rudimentary to be separated from leaves), rinsed in distill-water, pre-dried under shade to remove excess water and placed in large envelopes and oven-dried at 70o C for 48-72 hours.
Field Pot Experiment
The phase II experiment was carried out between 2nd August and 2nd December, 2015 (17 WAP) at the Research Field of the National Root Crop Research Institute (NRCRI) Umudike, Nigeria. The study was comprised of an experiment to determine the residual effects of Fe and Zn fertilizer levels on the growth performance and yield components of maize (Zea mays L.) on the soils derived from five parent materials. The soils were watered with tap water and allowed to stand for about 48 hours in the outdoor environment. Maize seeds (Oba Supper II yellow) a hybrid variety was sown at 3 seeds rate per container and later thinned to two seedlings, a week after germination.
Fifteen weeks after germination (105 DAS), the matured maize cobs were harvested pre-dried under shade to remove excess water and later placed in large envelopes and air-dried at room temperature for 72 hours.
Data collection and measurement of agronomic parameters for phase i and ii experiments 
Data collections for the experiment commenced 2 weeks after planting and continued fortnightly till final growth stage at 6 WAP. The under listed growth parameters were used to evaluate the effect of Fe and Zn application on maize performance, grown on the different soil parent materials 
Growth and yield parameters 
· Plant height (cm): This was determined by measuring the plant from the base of the crop to the tip of the plant at the highest leaf, with a measuring tape. 
· Leaf Area (cm2): This was determined using a meter rule to measure the leaf length (L) and the width (W) x 0.75 
· Stem Girth (mm): This was determined using a Vernier calipers to measure stem diameter. 
 Dry matter yield (g plant-1): This was determined by weighing the oven-dry plant samples in an electronic weighing balance and converting the values obtained to grams per plant (g/plant). 
· Nutrient concentration in plant (mg kg-1): After wet digestion process, nutrient content was determined by AAS. (Atomic Absorption Spectrophotomete) 
· Nutrient uptake (mg plant-1): This was determined by multiplying total dry matter (Shoots and Roots) yield (g/plant DM) by the nutrient contents of Zn, Fe in plants (mgkg-1), respectively. 
Data collection and measurement of yield parameters for experiment II 
· Cob weight (g) 
· Maize grain yield (k/pot) 
· 100 seed weight (g) 
· Harvest index (%) 
· Nutrient content of Fe and Zn in maize grains (mgkg-1) 
· Nutrient uptake (mg/plant). 
Plant sample analysis 
The oven-dried plant materials were milled in a blender and digested in a mixture ratio of 2:5:1 with HNO3: HClO4: H2SO4 tri-acid in a Teflon crucible, heated on a hot plate (Shuman, 1985). The content of the plant digest in the solutions was determined in a clear aliquot with an Atomic Absorption Spectrophotometer (AAS). 
Determination of critical levels of soil Fe and Zn. 
The critical level of Zn and Fe in the soils and plants was determined using graphical method as described by Cate and Nelson (1965). In this procedure, a scatter diagram of relative yields as Y-axis versus soil test values as X-axis was plotted. To avoid the human bias in drawing the vertical bar to determining the critical levels, the statistical approach adopted is as developed by Cate and Nelson (1971). 
Determination of optimum rate of Zn and Fe of soils 
The optimum rates of the micronutrients (Zn and Fe) application was determined following graphical method using the simple polynomial regression equations. The polynomial regression equation is a predictive relationship between the independent (x) variable and dependent (y) variable. It’s a curve relationship between two measurement variables. In statistics, polynomial regression is a form of linear regression in which the relationship between the independent variable (x) and the dependent variable (y) is modelled as an nth degree polynomial in (x). In this model, the value on the X variable is the optimum fertilizer rate while the Y variable is the optimum (maximum) yield obtained. X variable predicts the outcome of Y variable in the equation. The goal of regression analysis is to model the expected value of a dependent variable (y) in terms of the value of an independent variable (x). Below is a response variable (Y) that can be predicted by a polynomial function of a regressor variable (X).

RESULTS AND DISCUSSIONS
Screenhouse studies 
Effect of Increasing Levels of Iron and Zinc on Maize Growth Performance in Greenhouse Experiment at 2, 4 and 6 weeks after planting (WAP). 
Data on maize growth parameters as influenced by levels of Fe at 2, 4 and 6 WAP are shown in Table 1. The table showed that increasing Fe fertilization significantly (P<0.05) increased plant height, stem diameter, leaf area and biomass. 
Response of maize to different levels of Fe fertilizer at 2, 4 and 6 WAP 
The analysis of variance conducted on the growth parameters of the maize in the screen-house showed that there were significant differences in plant height, dry matter production and Fe uptake among Fe rates (Table 1). 
The effects of Fe levels on height of maize shoots at 2 to 6 WAP are presented on Table1. The analysis of variance indicated that plant height was significantly (P<0.05) increased from 2 to 6 WAP and by different levels of Fe fertilizer (Table 1). The values of height of maize shoots increased from 61.93 cm in 2WAP to 98.22 cm in 6WAP and from 40.56, 49.7 and 65.01cm in control to 81.55, 102.8 and 132.5 cm at the rate of 7.5 kgha-1 respectively, of Fe addition. 
Stem diameter increased from 7.73 mm at 2WAP to 26.34 mm at 6WAP and from 5.59, 13. 31 and 23.17 mm in the control to an optimum level of 7.5 kg Fe ha-1. Leaf area was increased from 198.12 cm2 at a growth stage of 2WAP to 339.7 cm2 and from 153.2, 212.9 and 249.9 cm2 in control treatment respectively. The widest leaf area was produced by the application of 7.5 kg ha-1 Fe. The same trend was obtained in both the biomass and percent dry biomass, respectively.  Thus, 7.5 kg Fe ha-1 treatment significantly (P<0.05) produced better performance of maize growth parameters than the other treatment levels. This result indicates that on the average, the application of Fe at 7.5 kg ha-1 as fertilizer treatment will increase the performance on maize production in soils where Fe deficiency is noticeable (Martens and Westermanns, 1991) as in the soils. Fe is essential for chlorophyll synthesis, enzyme activation, and electron transport in photosynthesis (Zuo & Zhang, 2019). Its role in cell division and elongation likely contributed to the observed increase in maize shoot height and stem diameter. Similar findings have been reported by Hou et al. (2021), where Fe application significantly improved maize shoot growth by enhancing chlorophyll content and photosynthetic efficiency. Likewise, Karki et al. (2022) found that Fe fertilization promoted internode elongation and stem thickening, leading to overall increased plant vigor. The increase in leaf area from 198.12 cm² (2 WAP) to 339.7 cm² (6 WAP) suggests that Fe availability positively influenced leaf expansion. This aligns with previous studies indicating that Fe-deficient plants exhibit reduced leaf area due to impaired chloroplast formation and lower photosynthetic activity (Rout & Sahoo, 2015). The 7.5 kg Fe ha⁻¹ application yielded the highest leaf area, supporting reports by Khan et al. (2021), where Fe supplementation enhanced maize canopy development and light interception, thereby maximizing photosynthesis. Biomass accumulation followed a similar pattern, with Fe addition enhancing dry matter production. The significant increase in dry biomass at 7.5 kg Fe ha⁻¹ suggests improved nutrient uptake and metabolic efficiency, consistent with findings by Sharma et al. (2020). Iron promotes root growth and enzymatic activity, leading to better nutrient and water absorption (Mishra et al., 2021). Studies on Fe application in cereal crops confirm its role in enhancing dry matter partitioning, particularly under iron-limited soils (Zhang et al., 2022).
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Table 1: Effect of Fe application and parent materials on maize shoots growth performance at 2, 4 and 6 weeks after planting (WAP)

	Treatments
	Plant height (cm)
	Stem diameter (mm)
	Leaf area (cm2)
	Biomass (g)
	
	Percent dry biomass

	
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap

	Fe fertilizer rates (kg/ha)

	0
	40.56
	49.7
	65.01
	5.59
	13.31
	23.17
	153.2
	212.9
	249.9
	32.45
	74.1
	102.2
	23.33
	24.43
	28.20

	2.5
	52.25
	63.1
	81.90
	7.03
	14.23
	24.21
	173.6
	238.7
	289.5
	43.60
	99.6
	137.3
	24.74
	24.98
	30.03

	5.0
	61.51
	76.0
	98.91
	8.15
	15.38
	26.62
	189.6
	260.9
	324.4
	54.08
	123.5
	170.3
	26.77
	28.19
	32.53

	7.5
	81.55
	102.8
	132.5
	9.19
	20.18
	29.44
	225.9
	302.7
	403.9
	65.24
	148.9
	205.5
	38.05
	39.88
	46.09

	10.0
	73.79
	93.0
	112.8
	8.68
	18.51
	28.27
	248.3
	336.4
	430.6
	59.40
	135.6
	187.1
	30.25
	31.71
	36.55

	Mean
	61.93
	76.92
	98.22
	7.73
	16.32
	26.34
	198.12
	270.3
	339.7
	50.95
	116.3
	160.5
	28.63
	29.84
	34.68

	LSD
	4.41
	7.83
	8.36
	0.84
	4.18
	1.98
	28.24
	36.96
	44.15
	4.08
	9.31
	12.85
	2.77
	2.86
	3.33

	CV (%)
	12.7
	16.9
	8.9
	2.1
	4.6
	11.7
	10.2
	14.2
	21.1
	10.17
	15.12
	17.20
	7.13
	4.2
	9.2

	Parent materials

	AD
	59.31
	73.2
	92.5
	7.45
	16.31
	24.98
	107.9
	150.1
	229.1
	40.58
	92.6
	127.8
	31.83
	33.43
	38.59

	BRS
	52.57
	66.8
	81.3
	7.65
	14.66
	25.61
	142.2
	197.7
	251.3
	41.21
	94.1
	129.8
	33.56
	35.27
	40.69

	CPS
	65.07
	80.8
	97.7
	7.56
	17.16
	26.33
	258.7
	359.7
	424.4
	51.99
	118.7
	163.7
	27.71
	29.06
	33.52

	MS
	63.74
	77.3
	100.4
	7.67
	15.42
	26.11
	251.8
	336.6
	413.0
	62.90
	143.6
	198.1
	23.31
	24.41
	28.25

	SS
	68.99
	86.5
	119.2
	8.32
	18.07
	28.67
	230.0
	307.6
	380.6
	58.09
	132.6
	183.0
	26.72
	28.02
	32.36

	Mean
	61.93
	76.92
	98.22
	7.73
	16.32
	26.34
	198.12
	270.3
	339.7
	50.95
	116.3
	160.5
	28.63
	30.04
	34.68

	LSD
	4.41
	7.83
	8.36
	Ns
	Ns
	1.98
	28.24
	36.96
	44.15
	4.08
	9.31
	12.85
	2.77
	2.86
	3.33

	CV (%)
	12.7
	16.9
	8.9
	2.1
	4.6
	11.7
	10.2
	14.2
	21.1
	10.17
	15.12
	17.20
	7.13
	4.2
	9.2



Effect of Different Levels of Fe on Maize Yield Component 
Maize dry matter yield: The effects of different levels of Fe on dry matter yield of maize plants are presented in Table 2. Significant increase in DMY was observed from 2WAP to 6WAP with values which varied from 13.44 to 44.4 cm, respectively. The highest and significant DM yields across Fe treatments were obtained with 7.5 kg Fe ha-1 treatment with values which ranged from 14.77, 40.76 and 48.74cm for 2, 4, and 6WAP, respectively. Furthermore, at this level of application, dry matter production was increased by 22% over the control treatment. Though the application of Fe at a rate of 7.5 kg ha-1 gave the highest shoot dry matter production, this value was not significantly (P>0.5) different from values obtained from the application of 10.0 kg Fe ha-1 fertilizer. Fe plays a crucial role in chlorophyll synthesis, enzyme activation, and electron transport, which directly influence biomass production in maize (Kumar et al., 2022). The observed increase in DMY across Fe levels aligns with previous findings that Fe fertilization enhances plant metabolism and growth efficiency by improving photosynthetic activity and nitrogen assimilation (Karki et al., 2022). The significant increase in DMY at 7.5 kg Fe ha⁻¹ suggests optimal Fe availability for photosynthesis, root development, and dry matter translocation. Similar results were reported by Hou et al. (2021), where Fe application at moderate levels significantly improved maize biomass accumulation, while excess Fe did not provide additional benefits due to diminishing returns and potential micronutrient antagonism (Zhang et al., 2022). Although 10.0 kg Fe ha⁻¹ did not significantly outperform 7.5 kg Fe ha⁻¹, the increase in biomass suggests that Fe supplementation beyond a critical level does not necessarily translate into higher yields. Studies by Singh et al. (2023) and Khan et al. (2021) have shown that excess Fe can cause oxidative stress, inhibit phosphorus uptake, and interfere with root respiration, leading to plateaued growth responses beyond optimal application rates. The 22% increase in DMY over the control highlights the importance of correcting Fe deficiency in soils where Fe availability is limited due to pH-induced precipitation or organic matter interactions (Rout & Sahoo, 2015). However, balancing Fe with other essential nutrients like phosphorus, zinc, and nitrogen is critical for sustained biomass accumulation (Mishra et al., 2021). However, this result suggests that the application of Fe influenced dry matter yield productions of maize which could be used for livestock feed (Adeniyan and Ojeniyi, 2005). 
Fe content of maize: The different Fe levels had a significant effect on Fe concentration of maize shoots (Table 2). The Highest Fe concentrations in maize shoots of 10.26, 22.06 and 35.92 mgkg-1 were obtained at 2, 4, and 6 WAP when Fe was applied at the rate of 7.5 kgha-1 followed by the values obtained at the rate of 5.0 kgha-1 which did not differ significantly in Fe concentrations. The values of Fe concentrations exceed the critical levels of 7-10 mgkg-1 established as lower and higher values of sufficiency range for maize at 30 - 45 days old reported by Adiloglu (2003). 
Fe uptake of maize: A significant (P<0.05) effect of different rates of Fe application was observed for Fe uptake in maize shoots. Iron levels also increased in maize shoots significantly compared to control (Table 2). The analysis of variance revealed highly significant differences among the Fe levels and also differs from 2, 4, and 6 WAP significantly. Also, Fe uptake values varied from 0.115, 0.682 and 1.327mg/plant in average, at 2, 4, and 6wap, respectively. It can be inferred that, incremental addition of Fe to the soil significantly improved uptake in maize plants (Table 2). Several earlier researchers also reported increased Fe uptake in maize plant by addition of Fe fertilizers to the soil (Schwertmann and Taylor, 1989; Abunyewa and Mercer-Quarshie, 2004; Rego et al., 2007). However, Bickel and Killorn (2007) reported an inconsistent response for uptake in maize plants by the application of Fe fertilizers and related it to the variation in the prevailing soil and environmental factors.








Table 2: Effect of Fe application and parent materials on maize shoots yield performance at 2, 4 and 6 weeks after planting (WAP)

	Treatments
	DMY (g/plant)
	Fe concentration (mg/kg)
	Fe uptake (mg/plant)

	
	2 wap
	4 wap
	6 wap
	2 wap
	4 wap
	6 wap
	2 wap
	4 wap
	6 wap

	Fe fertilizer rates (kg/ha)

	0
	11.79
	32.60
	38.87
	6.57
	14.14
	23.02
	0.077
	0.460
	0.893

	2.5
	12.40
	34.23
	40.95
	7.47
	16.06
	26.15
	0.092
	0.548
	1.067

	5.0
	13.83
	38.35
	45.83
	9.01
	19.38
	31.56
	0.124
	0.740
	1.440

	7.5
	14.77
	40.76
	48.74
	10.26
	22.06
	35.92
	0.152
	0.900
	1.752

	10.0
	14.40
	39.88
	47.66
	8.90
	19.13
	31.15
	0.128
	0.763
	1.484

	Mean
	13.44
	37.16
	44.41
	8.44
	18.15
	29.56
	0.115
	0.682
	1.327

	LSD (P<0.05)
	0.63
	1.68
	1.99
	0.66
	1.43
	2.32
	0.011
	0.066
	0.128

	CV (%)
	2.32
	4.67
	2.02
	9.17
	10.27
	4.77
	13.10
	13.22
	13.23

	Parent materials

	AD
	12.60
	34.88
	41.71
	8.81
	18.95
	30.85
	0.113
	0.671
	1.307

	BRS
	13.06
	36.16
	43.24
	9.76
	20.99
	34.17
	0.129
	0.767
	1.492

	CPS
	13.58
	37.49
	44.84
	7.72
	16.61
	27.05
	0.105
	0.627
	1.220

	MS
	13.85
	38.28
	45.68
	8.02
	17.24
	28.07
	0.112
	0.666
	1.295

	SS
	14.11
	38.99
	46.58
	7.90
	16.99
	27.66
	0.115
	0.680
	1.323

	Total
	13.44
	37.16
	44.41
	8.44
	18.15
	29.56
	0.115
	0.682
	1.327

	LSD (P<0.05)
	0.63
	1.68
	1.99
	0.66
	1.43
	2.32
	0.011
	0.066
	0.128

	CV (%)
	2.32
	4.67
	2.02
	9.17
	10.27
	4.77
	13.10
	13.22
	13.23




Effect of increasing levels of zinc on maize growth and yield performance at 2, 4 and 6 weeks after planting (WAP) 
Effect of Different Levels of Zinc on Maize Growth Parameters 
The analysis of variance conducted on the growth and yield parameters of the maize in the greenhouse showed that there were significant differences in plant height, dry matter production, Zn content and Zn uptake among the Zn rates 
Plant height of maize: Plant height was apparently a less discriminative parameter than shoot dry matter and Fe uptake. Generally, the height of plant is an important growth character directly linked with the productive potential of plant in terms of fodder, grains and fruit yield. (Abunyewa and Mercer-Quarshie, 2004) The heights of maize were significantly (P<0.05) increased by different rates of Zn fertilizer application (Table 3). The application of Zn fertilizer at different levels resulted in the increase in plant height of maize from 2 to 6wap and this increase varied, from 32.93cm in 2 WAP to 105.12 cm in 6WAP and from 21.32, 44.72 and 70.81cm in control to a maximum height of 45.96, 88.28 and 137.12cm at 7.5 kg/ha respectively. 
Stem diameter: Stem diameter was increased from 9.18 mm at 2 WAP to 24.29 mm at 6 WAP and from 6.97, 12. 24 and 19.05 mm in control to a maximum stem girth of 10.54, 16.96 and 27.06 mm at an optimum level of 7.5 kg Zn/ha. Leaf area was increased from 261.63 cm2 at a growth stage of 2 WAP to 678.56 cm2 at 6 WAP and from 202.30, 252.61 and 523.12 cm2 in control treatment to 330.56, 370.60 and 772.23 at the rate of 7.5 kg Zn/ha, respectively. Similar trend was obtained for biomass and percent dry biomass, respectively. Hence, 7.5 kg Zn ha-1 treatment significantly (P<0.05) produced higher stem diameter, leaf area, biomass and percent biomass than the other treatment levels.  This result indicates that the application of Fe levels at 7.5 kg ha-1 as fertilizer treatment will lead to an increase in the performance of maize production in soils where Zn deficiency occurred. Similar findings were obtained by Aduloju and Malik (2013). Thus, the rate of 7.5kg Zn ha-1 treatment was significantly (P<0.05) higher than the other treatment levels. This result indicates that on the average, the performance of Zn levels at 7.5 kg ha-1 treatment on maize performance seems to be the desired optimum rate for in these soils. The variability in maize plant height might be the result of growth variation affected by different treatments. Bukvic et al. (2003) obtained plant heights of maize with values ranging from 112.96cm to 140.51cm, which are higher than values obtained in this study. While Furlani et al. (2005) reported a range of plants height from 58.4 to 78.6 cm which falls within the range of values obtained in this study.








Table 3: Effect of Zn application and parent materials on maize shoots growth performance at 2, 4 and 6 weeks after planting (WAP)

	
	Plant height (cm)
	Stem diameter (mm)
	Leaf area (cm2)
	Biomass (g)
	
	Percent dry biomass

	Treatments		
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap
	2wap
	4wap
	6wap

	
Zn fertilizer rates (kg/ha)

	0
	21.32
	45.72
	70.81
	6.97
	12.24
	19.05
	202.30
	252.61
	523.12
	39.80
	61.71
	92.11
	21.76
	24.57
	31.47

	2.5
	27.01
	56.01
	90.00
	8.28
	13.69
	21.34
	227.93
	284.92
	594.13
	53.88
	82.90
	123.8
	22.20
	26.28
	33.97

	5.0
	33.36
	66.82
	104.42
	9.02
	14.39
	24.95
	250.81
	311.04
	648.01
	64.00
	100.2
	153.5
	24.08
	29.50
	40.47

	7.5
	45.96
	88.28
	137.12
	11.10
	18.78
	29.06
	330.56
	370.60
	772.23
	77.35
	120.7
	185.2
	25.61
	35.06
	47.98

	10.0
	37.00
	76.62
	123.23
	10.54
	16.96
	27.06
	296.54
	410.63
	855.30
	70.03
	109.7
	168.6
	22.95
	26.77
	35.94

	Mean
	32.93
	66.69
	105.12
	9.182
	15.21
	24.29
	261.63
	325.96
	678.56
	61.01
	95.04
	144.6
	23.32
	28.44
	37.97

	LSD (P<0.05)
	3.35
	5.12
	7.97
	0.85
	1.23
	1.34
	36.73
	46.60
	97.9
	5.35
	7.30
	11.57
	2.45
	2.56
	4.21

	CV (%)
	13.8
	10.5
	10.2
	12.7
	11.0
	7.5
	19.1
	19.5
	19.7
	11.9
	10.5
	10.0
	14.3
	12.2
	15.1

	
Parent materials

	AD
	32.99
	62.53
	99.12
	8.58
	12.88
	24.09
	147.03
	178.44
	369.05
	49.52
	77.22
	115.2
	25.16
	30.96
	42.66

	BRS
	26.74
	55.72
	88.70
	9.41
	14.30
	23.35
	186.61
	233.33
	486.34
	50.30
	78.44
	117.0
	25.72
	30.79
	42.10

	CPS
	31.96
	66.36
	106.7
	8.86
	15.95
	22.49
	339.52
	424.40
	648.01
	64.45
	98.95
	147.6
	20.80
	26.91
	37.08

	MS
	33.13
	68.61
	110.4
	9.38
	16.52
	24.14
	330.44
	413.01
	860.04
	76.76
	118.3
	178.5
	20.17
	23.78
	31.13

	SS
	39.83
	80.23
	125.9
	9.67
	16.43
	27.38
	304.41
	380.63
	793.10
	65.04
	102.5
	164.9
	24.75
	29.74
	36.87

	Mean
	32.93
	66.69
	105.12
	9.182
	15.21
	24.29
	261.63
	325.96
	678.56
	61.01
	95.04
	144.6
	23.32
	28.44
	37.97

	LSD (P<0.05)
	3.35
	5.12
	7.97
	0.85
	1.23
	1.34
	36.73
	46.60
	97.9
	5.35
	7.30
	11.57
	2.45
	2.56
	4.21

	CV (%)
	13.8
	10.5
	10.2
	12.7
	11.0
	7.5
	19.1
	19.5
	19.7
	11.9
	10.5
	10.0
	14.3
	12.2
	15.1



Response of maize Components to different levels of Zn fertilizer 
Maize dry matter yield: One parameter that is used to measure the performance of Zn nutrition in maize production is dry matter yield. The analysis of variance showed highly significant (P<0.05) difference among Zn levels (Table 4). Significant higher dry matter yield of maize shoots ranged from 18.40 to 38.38 g plant-1at 2 to 6 WAP respectively. The observed DM yield increase was significantly (P<0.05) higher at the rate of 7.5 kgha-1 but, further increase in Zn rate to 10.0 kgha-1 resulted in DM reduction. The values of DM yields obtained in this study agree with reports by Lisuma et al. (2006) but were higher than the range of values (2.38-5.99 g plant-1) determined by Furlani et al. (2005). Bukvic et al. (2003) obtained higher values which ranged from 38.13 to 40.87g plant-1. Nevertheless, this result suggests that the application of Fe influenced dry matter yield productions of maize which could be used for livestock feed amongst many other uses. 
Zn content of maize: Table 4 presents Zn concentrations in maize shoots as influenced by Zn rates with values that range on the average from 11.05 to 29.56 mgkg-1 and these were obtained between 2 and 6 WAP which are within the critical range of 25 to 60mgkg-1 established by Amrani et al. (1999) and those established by Tisdale et al. (2003). Addition of higher levels of Zn after 7.5 kg ha-1 of Zn to the soil did not increase Zn concentrations significantly rather it decreased Zn concentrations in maize shoots markedly. This may probably be due to the dilution effect as a result of the increase in DM (Kanwal et al., 2010). Contrastingly, these values are higher than values reported by Lisuma et al. (2006) and range of values (28.4-41.6 mgkg-1) reported by Furlani et al. (2005). Differences among Zn rates were highly significant (P<0.05). 
Zn uptake of maize: Uptake yield is another evaluation tool that is used to measure the performance of Zn nutrition in maize production. The effect of Zn fertilizer rates on Zn uptake is presented in Table 4. A significant (P<0.05) effect of different rates of Zn application was observed for Zn uptake in maize shoots. Incremental addition of Zn to the soil significantly improved uptake in maize plants (Table 4). 
The result showed significant response to different rates of Zn fertilizer application and at different growth stages. Zinc uptake was highest in the plants that received 7.5 kg Zn ha-1. On the other hand, the lowest Zn uptake was determined in those plants under control treatment. The higher and significant Zn uptake for the treatments was accounted for by 7.5 kg ha-1 and this could be related to the large increase in DM yield. This result agrees with uptake yield values reported by Amrani et al. (1999) and Lisuma et al. (2006). The behaviour of Zn (low soil and plant values) elevated uptake values due to application of Zn-fertilizer. Other researchers also reported increased Zn uptake in maize plant by addition of Zn fertilizers to the soil (Abunyewa and Mercer-Quarshie (2004); Rego et al., 2007) and later Kanwal et al. (2010) obtained a similar result. However, Bickel and Killorn (2007) reported an inconsistent response for uptake in maize plants by the application of Zn fertilizers and related it to the variation in soil and environmental factors. 



















Table 4: Effect of Zn application on maize shoots yield parameters at 2, 4 and 6 weeks after planting (WAP)
	
	DMY (g/plant)
	
	Zn concentration (mg/kg)
	Zn uptake (mg/plant)

	Treatments 	
	
	
	
	
	
	
	
	

	
	2 wap
	4 wap
	6 wap
	2 wap
	4 wap
	6 wap
	2 wap
	4 wap
	6 wap

	Zn fertilizer rates (kg/ha)

	0
	9.74
	20.83
	29.99
	8.65
	14.27
	23.02
	0.085
	0.293
	0.686

	2.5
	12.40
	22.90
	32.26
	9.59
	16.41
	26.15
	0.118
	0.374
	0.841

	5.0
	14.40
	25.62
	36.09
	10.86
	17.84
	31.56
	0.156
	0.456
	

	7.5
	18.40
	27.25
	38.38
	14.53
	23.86
	35.92
	0.268
	0.649
	

	10.0
	16.87
	26.62
	37.50
	11.61
	20.01
	31.15
	0.191
	0.532
	1.168

	Mean
	14.36
	24.64
	34.84
	11.05
	18.48
	29.56
	0.164
	0.461
	0.842

	LSD
	1.02
	1.06
	1.52
	0.98
	1.99
	2.32
	0.024
	0.058
	0.100

	CV (%)
	9.7
	5.9
	5.9
	12.1
	14.6
	10.7
	20.2
	17.2
	13.1

	Parent material

	AD
	12.28
	23.32
	32.85
	12.45
	20.51
	30.85
	0.156
	0.485
	1.029

	BRS
	12.73
	23.25
	33.40
	12.03
	21.64
	34.17
	0.157
	0.515
	1.157

	CPS
	12.86
	25.07
	35.31
	11.05
	18.03
	27.05
	0.147
	0.453
	0.961

	MS
	15.77
	25.53
	35.96
	9.24
	15.03
	28.07
	0.152
	0.390
	1.019

	SS
	18.16
	26.05
	36.70
	10.46
	17.18
	27.66
	0.202
	0.460
	1.043

	Total
	14.36
	24.64
	34.84
	11.05
	18.48
	29.56
	0.163
	0.461
	1.04

	LSD
	1.02
	1.06
	1.52
	0.98
	1.99
	2.32
	0.024
	0.058
	0.100

	CV (%)
	9.7
	5.9
	5.9
	12.1
	14.6
	10.7
	20.2
	17.2
	13.1



Suitability of extractants for estimating available Fe and Zn response of maize grown in the soils. 
A number of different chemical extraction methods were used to make a relative assessment of the availability of Fe and Zn for plant uptake from the soils. Significant coefficients (r) were determined between the chemical extraction methods used in this study and uptake of Fe and Zn of maize shoots using correlation coefficient and regression models (Table 5 and Table 6). Previous studies by Sillanpaa (1982); Sims and Johnson (1991) and Welch et al., (1991) noted that, micronutrients availability to plants can be measured in direct uptake experiments, or estimated with techniques that correlate quantities of micronutrients extracted chemically from soils to plant uptake and response to micronutrient fertilization. 
Prediction of iron availability in the soil: 
The correlation coefficients (r) values are presented in Table 5. The results showed that highly significant correlations were observed between Fe uptake with HCl and NH4OAc extractable Fe at 1% and 5% level of probability respectively (Table 5). However, HCl and NH4OAc extractable Fe correlated negatively with Fe uptake (r = -0.742**) and (r = -0.476*) respectively. HCl and Coca-cola extractable Fe was highly and positively correlated with Fe concentration (r = 0.619**) and (r = 0.696**), respectively. Similarly, HCl and EDTA extractable Fe correlated positively with shoot dry matter yield (r = 0.435*), (r = 0.682**) but NH4OAc extractable Fe correlated negatively with shoot dry matter yield (r = -0.555*). Adiloglu (2003) observed that, the use of acid (HCl+H2SO4) and salt (MgCl2 and NH4OAc) extraction methods were inadequate in the determination of available Fe in neutral and alkaline soils but, in acid soils, the use of acid containing agents can adequately be used to determine available Fe. Oladoye and Adewuyi (2014) noted that these methods are suitable to certain physical and chemical characteristics of the soils from different parent materials. 
Table 5 showed Fe uptake of maize was influenced by 74.2% (HCl) while Fe concentration was accounted for 69.6% (Coca-cola) and maize shoot dry matter was determined for 68.2% (EDTA) Fe extractants. These findings are in agreement with that reported by Adiloglu (2003). Thus, HCl extraction method is recommended as the best extractants in this study for predicting Fe availability and response of maize production grown in different soils of Akwa Ibom State.
Table 5 Correlation coefficients (r) between Extractants and Fe uptake by maize in the study area.

	Yield
parameter
	
	Extractable Fe (mgkg-1)
	

	
	HCl
	EDTA
	Coca-Cola
	NH4OAc

	Uptake
	-0.742**
	-0.362
	-0.249
	-0.476*

	Concentration
	0.619**
	0.377
	0.696**
	-0.301

	DMY
	0.438*
	0.682**
	-0.294
	-0.555*



Besides, the linear regression analysis conducted between Fe uptake by maize (dependent variable) and Fe extracted by the different extractants are presented in Table 6. The result from the regression analysis confirmed the results of the correlation analysis obtained and indicates that all the regression equations were statistically significant (Table 6). The coefficient of determination (R2-values) for Fe uptake was highest for HCl (0.721**), followed by NH4OAc (0.632*); for Fe concentration, Coca-cola (0.663**) was higher relative to other soil extractants.














Table 6: Regression analysis for predicting available Fe (mgkg-1) and yield component of maize shoots in greenhouse
	REGRESSION EQUATION
	R2

	Fe Uptake (mg/plant)
	

	Fe Uptake = 0.219 + 0.025 HCl-Fe
	0.721**

	Fe Uptake = 0.1187 + 0.044 EDTA-Fe
	0.355 ns

	Fe Uptake = 0.228 + 0.014 Coca-Cola-Fe
	0.222 ns

	Fe Uptake = 0.241 + 0.018 NH4OAc-Fe
	0.632 **

	Fe Concentration (mgkg-1)
	

	Fe Conc. = 0.058 + 0.0254 HCl-Fe
	0.586 *

	Fe Conc. = 0.208 + 0.0017 EDTA-Fe
	0.100 ns

	Fe Conc. = 0.139 + 0.015 Coca-Cola-Fe
	0.663 **

	Fe Conc. = 0.271 - 0.005 NH4OAc-Fe
	0.449*

	Dry matter (shoot) (g/plant)
	

	Fe DMY = 0.323 + 0.013 HCl-Fe
	0.438 *

	Fe DMY = 0.161 - 028 EDTA-Fe
	0.688 *

	Fe DMY = 0.017 + 0.006 Coca-Cola-Fe
	0.323ns

	Fe DMY = 0.038 - 0.035 NH4OAc-Fe
	0.528 *


Ns not significant at the 0.05 level.

	*. Significant at the 0.05 level.

	**. Significant at the 0.01 level.











Prediction of zinc availability in the soil: 
Zinc availability in the soil was also assessed through the linear correlation (r) and regression (R2) model with Zn uptake, Zn concentration and maize shoot dry matter by maize plant (Table 7 and Table 8) respectively. The results indicate that highly significant and positive correlation coefficients (r) were observed between Zn uptake with HCl (r=0.665**), Coca-cola (r=0.711**) and NH4OAc (r=0.483*) extraction methods at 1% level of probability (Table 7).  Previous study by Angelova et al. (2003) reported that neutral NH4OAc is used for extraction of the exchange or easily mobile forms of Zn from neutral or weak acid soils, which are considered to be fully available by plants. However, the amount of Zn extracted by Coca-cola method was observed to be the best method related to Zn uptake by maize. Similarly, the linear regression analysis between Zn uptake, Zn concentration and shoot dry matter production by maize and extractable Zn by different extraction methods are presented in Table 8. The results from the regression analysis confirmed the result of the correlation analysis obtained, which indicates that all the regression equations except EDTA method, yielded significant values (Table 8). This result however disagreed with the report of Davis and Singh (1996) and Haddad and Evans (1993) who found that EDTA extractable fraction gives the best conditions within the number of elements taken up by plant in acid soils. Lakanen and Ervio (1971) also reported that EDTA, a chelated agent, has been used to increase the efficiency of Zn extraction and shows that the chemical extractants differed in the amounts of Zn extracted in the soil and the order was 0.1M HCl > EDTA+NH4OAc > EDTA. 
The coefficient of determinations (R2-value) show that the prediction of Zn uptake was highest for Coca-cola (0.894**) as the best soil Zn extractant, followed by EDTA (0.668**) for Zn concentration and HCl (0.804**) for maize shoot dry matter production. Also, the results in Table 8 indicate that Zn uptake of maize was influenced by 71.1% (Coca-Cola) while, Fe concentration was impacted by 60.8% (EDTA) followed by maize shoot dry matter which was determined for 70.1% (HCl) Zn extractants. These findings are in agreement with that reported by Schnug et al. (2001) however the findings did not agree with the result reported by Li and Shuman (1996) and Haq and Miller (1992). Since HCl and Coca-cola extraction methods provides a closer relationship between soil and Zn in cereal, these extraction methods are recommended to be the best extractants in this study for estimating Zn availability and response of maize production grown in soils of Akwa Ibom State. 
	

















	


Table 7: Correlation coefficients (r) between extractable Zn in soils of study areas and maize shoots in greenhouse experiment
	Yield
parameter
	
	Extractable Zn (mgkg-1)
	

	
	HCl
	EDTA
	Coca-Cola
	NH4OAc

	Uptake
	0.665**
	0.339
	0.711**
	0.483*

	Concentration
	0.474*
	-0.608**
	0.509*
	0.045

	DMY
	0.701**
	0.389
	0.684**
	0.321



Table 8: Regression analysis for predicting available Zn and yield component of maize shoots in greenhouse
	Regression equation
	R2

	Zn Uptake (mg/plant)
	

	Zn Uptake = 0.216 - 0.141 HCl-Zn
	0.653**

	Zn Uptake = 0.202 + 0.022 EDTA-Zn
	0.106 ns

	Zn Uptake = 0.141 + 0.019 Coca-Cola-Zn
	0.894 **

	Zn Uptake = 0.499 - 0.122 NH4OAc-Zn
	0.574*

	Zn Concentration (mgkg-1)
	

	Zn Conc. = 1.005 - 0.013 HCl-Zn
	0.583 *

	Zn Conc. = 0.463 – 0.019 EDTA-Zn
	0.668 **

	Zn Conc. = 0.252 – 0.036 Coca-Cola-Zn
	0.504 *

	Zn Conc. = 0.218- 0.015 NH4OAc-Zn
	0.211 ns

	Dry matter (shoot) (g/plant)
	

	Zn Uptake = 1.145 - 0.011 HCl-Zn
	0.804 **

	Zn Uptake = 0.255 + 0.012 EDTA-Zn
	0.514*

	Zn Uptake = 0.110 – 0.028 Coca-Cola-Zn
	0.649**

	Zn Uptake = 0.326- 0.014 NH4OAc-Zn
	0.417*


Ns. not significant at the 0.05 level.
	* Significant at the 0.05 level.
 * Significant at the 0.05 level.

	** Significant at the 0.01 level.
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Conclusion
This study underscores the significant impact of Fe and Zn distribution on maize growth and yield in Akwa Ibom State, Nigeria. Despite the presence of Fe and Zn in the soils, their availability varied across parent materials, necessitating external supplementation. The application of 7.5 kg/ha Fe and Zn fertilizers was identified as the optimal rate for enhancing maize growth parameters, nutrient uptake, and yield performance. Furthermore, the 0.1M HCl and Coca-Cola extraction methods provided reliable assessments of Fe and Zn bioavailability in the studied soils. These findings highlight the need for site-specific soil fertility management strategies, including tailored Fe and Zn fertilization, to optimize maize production in nutrient-deficient soils. Future research should focus on long-term field trials and alternative organic amendments to improve micronutrient availability and sustainable crop productivity.
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