


Multi-nutrient assessment using two universal extractants in effluent-amended weathered tropical soils derived from contrasting parent materials

ABSTRACT
The accurate evaluation of available nutrients remains challenging due to problems associated with nutrient fixation, variable parent materials, and anthropogenic inputs resulting from agricultural and industrial activities. This work evaluated the effectiveness of two universal extractants, 0.01 M calcium chloride (CaCl2) and Agro-Services International (ASI) multi-nutrient extracting solution, employed for the extraction of available phosphorus, potassium, iron, and manganese within effluent-impacted soils in a highly weathered tropical region. These extractants were employed on soils underlying palm oil mill effluent and cassava mill effluents within coastal plain sands, beach ridge sands, and sandstone-shale parent materials in the study area in Southern Nigeria. Soil samples acquired at depths of 0-20 and 20-40 cm were analyzed using standard laboratory procedures. Results indicated that ASI extractants consistently extracted higher nutrient concentrations than CaCl2 across all parent materials, treatments, and depths. Phosphorus was the dominant nutrient extracted, followed by manganese, iron, and then potassium, with greater nutrient accumulation observed within the 0–20 cm depths. Effluent-impacted soils recorded higher nutrient concentrations in comparison to control soils, indicating nutrient contributions from the palm oil and cassava mill effluents.  Correlation analysis revealed significant relationships between extractable nutrients and soil properties, illustrating the strong influence of soil physicochemical characteristics on nutrient dynamics and extractant performance. The study therefore demonstrates that extractant choice impacts nutrient evaluation in effluent-amended tropical soils. It also establishes ASI extractants as a more efficient universal extractant for evaluating potentially available nutrient levels in highly weathered acidic soils. 
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INTRODUCTION
An accurate assessment of plant- available nutrients is crucial for sustainable fertility management in tropical regions (Agegnehu and Amede, 2017; Kihara et al., 2017; Bindraban et al., 2020; da Silva et al., 2024). Phosphorus and potassium are key essential elements required in large quantities for plant growth and metabolic function (Hafsi et al., 2014; Hasan et al., 2016; Ragel et al., 2019; Bechtaoui et al., 2021). Iron and manganese also serve as key micronutrients required for the synthesis of photosynthesis and activation of enzymes within plant tissues (Tripathi et al., 2015; Schmidt et al., 2019; Alejandro et al.,2020; Therby-Vale et al., 2022).  Nutrient availability within tropical soils, however, is not solely influenced by total nutrient concentrations but by intricate interactions involving parent material properties, soil pH, mineralogy, organic matter, and redox reactions (Husson, 2013; Fujii et al., 2018; Barrow and Hartemink, 2023). These interactions are of particular importance within the highly weathered soils of southern Nigeria, where intense leaching, low cation exchange capacity, variable charge minerals, and diverse parent material characteristics influence nutrient availability and retention (Igwe and Nkemakosi, 2007; Afu et al., 2024; Oyun et al., 2025).
	The availability of phosphorus within tropical acidic soils is typically restricted by fixation reactions involving iron and aluminum oxides, which usually result in the formation of partially soluble complexes that restrict nutrient uptake by plants (Hemwall, 1957; Magalhaes et al., 2018; Bindraban et al., 2020). Potassium depletion may occur via leaching within the coarse-textured soils with reduced capacities for nutrient retention. The availability of iron and magnesium, on the other hand, is highly dependent on factors such as pH levels, the aeration status of the soil profile, and the oxidation-reduction processes taking place within the soil system (Husson, 2013; Gransee and Führs, 2013; Barrow and Hartemink, 2023; Li et al., 2024). Consequently, the reliability of evaluation methods of nutrients available for plant uptake requires extraction methods that can reflect the chemically labile nutrient pools that contribute to plant nutrition. 
Within many tropical milieus, agro-industrial wastes such as cassava mill effluent (CME) and palm oil mill effluent (POME) are continually being discharged into surrounding lands without regulatory oversight (Ojo et al., 2021; Ujang et al., 2021; Olaniyan et al., 2025; Ajao et al., 2025). These effluents, though considered contaminants because of their high biochemical oxygen demand and organic loads, also contain substantial amounts of plant nutrients and organic materials that could improve soil fertility, and by extension, plant yield (Ubani et al., 2017; Uroko et al., 2025). Palm oil mill effluents are enriched with substantial amounts of potassium and other biodegradable organic compounds (Bala et al., 2015; Mohammad et al., 2021; Imo, 2021). Cassava effluents also comprise a substantial amount of potassium, phosphorus, and other dissolved organic constituents (Izah et al., 2017; dos Santos Moura et al., 2018; Olaniyan et al., 2025). The continuous disposal and accumulation of these effluents on waste disposal sites modify soil physicochemical properties, nutrient cycling, nutrient mobility, and cation exchange reactions within the soil system (Hermansah et al., 2017; Uroko et al., 2025; Olaniyan et al., 2025). 
The reactions of nutrients in effluent-amended soils are highly determined by the chemical nature of the effluent material and the soil system (Haider et al., 2023). Within highly weathered tropical soils, dissolved organic compounds introduced into the soils via the application of effluent may alter the nutrient adsorption and desorption, complexation processes, and micronutrient stability (Gu et al., 2022; Haider et al., 2023). Parent material characteristics may further impact nutrient extractability processes via variations in clay mineral composition, oxide content, texture, and buffering capacity. Soils obtained from coastal plain sands, beach ridge sands, and sandstone-shale formations in Akwa Ibom State, southern Nigeria, exhibit appreciable variation in their physicochemical characteristics (Oguike and Utin, 2018; Ita et al., 2025) and may therefore have diverse responses to nutrient extraction processes. An understanding of how these diverse factors impact the efficiency of nutrient extraction procedures is therefore necessary for the improvement of soil fertility evaluation and sustainable nutrient management in effluent-amended soil systems.  
An assessment of the nutrients available for plant uptake depends mainly on the extraction method employed during soil analysis (Udo et al., 2026). Conventional methods of extraction typically employ a separate extractant for the extraction of individual nutrients. For example, the Bray or Olsen solution is typically employed for extracting phosphorus, ammonium is typically employed for extracting potassium, and DTPA-based solutions are typically employed for extracting micronutrients. Although these methods are well-established, they are labor-intensive, time-consuming, and not very suitable for rapid multi-element analysis. Universal extractants have therefore been employed for the simultaneous extraction of multiple elements within a single analytical process. Ideally, such universal extractants should generate a rapid and cost-effective assessment of nutrients available within soils having variable physicochemical characteristics. 
Two widely used multi-nutrient soil extractants in assessing nutrients in soils and organic materials are 0.01 M CaCl2 (van Erp et al., 1998 and Houbaet al., 2000) and Agro Services International - ASI (He et al., 2011). Other commonly employed universal extractants include Mehlich-1, Mehlich-3, ammonium bicarbonate-diethylene triamine pentaacetic acid (AB-DTPA), calcium chloride (CaCl2), barium chloride (BaCl2), and strontium chloride (SrCl2) (Alva, 1993; van Raij, 1994; Iatrou et al., 2015; Ma et al., 2020; Jones, 1990). Mehlich-3 (Mehlich1984), in particular, has been of interest to researchers because of its capacity to extract both macro and micronutrients across varying soil conditions (Sims, 1989; Antonangelo et al., 2022; Gürbüz, 2025; Korzeniowska et al., 2025). This is due to the combined action of weak acids, fluoride ions, and chelating agents within the Mehlich-3 extract. In a similar form, AB-DTPA has indicated its effectiveness in the extraction of micronutrients via chelation and buffered dissolution mechanisms (Zhu and Alva, 1993; Or et al., 2020; Sharma et al., 2025). The efficiency of these extractants, however, is dependent on soil pH, mineral composition, organic matter content, and nutrient forms present within the soil matrix (Jahiruddin et al., 1992; Jalali et al., 2022; Tziouvalekas et al., 2024). The performance of these extractants may therefore differ substantially within acidic tropical soils that are characterized by strong phosphorus fixation and high iron oxide contents.
Despite the increasing interest in universal extractants, research on their suitability for assessing concentrations of available potassium, phosphorus, iron, and manganese in effluent-amended tropical soils is limited. Most previous calibration studies using these extractions were conducted under temperate soil conditions, with relatively few studies focusing on the high-weathered soils of the humid tropical zones. In addition, the behavior of nutrients within soils amended with cassava mill and palm oil mill effluent across contrasting parent materials has not been adequately characterized. The interactions between organic constituents in effluent-amended soils and minerals within tropical soils may alter nutrient availability and extraction effectiveness, impacting the reliability of analytical results obtained from universal extractants.
This research, therefore, aimed to assess selected universal extractants to determine the concentrations of available potassium, phosphorus, iron, and manganese within soils amended with cassava mill and palm oil mill effluents across the major parent materials in Akwa Ibom State, Nigeria. This research will also assess the interrelationship between the extractable nutrient concentrations and soil physicochemical properties, with the overall goal of identifying extractants that are more suitable for use in nutrient assessments within effluent-affected tropical soils. The novelty of this research lies in the integrated assessment of universal extractants across contrasting tropical parent materials that are under agro-industrial effluent influence, providing comparative assessments of multi-nutrient extractants for macro- and micro-nutrient recovery in southeastern Nigerian soils. The findings of the research will contribute to an improved understanding of nutrient extractability and soil fertility evaluation in tropical agroecosystems impacted by agro-industrial wastes.

MATERIALS AND METHODS
Study Area
This research was undertaken in Uyo, Ini, and Ikot Abasi Local Government Areas of Akwa Ibom State (Figure 1). The State is situated within the humid tropical region of southern Nigeria, lying between latitudes 4°30′ and 5°30′ N and longitudes 7°30′ and 8°20′. It has an area of approximately 8,412 km².
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Figure 1. Map of Akwa Ibom showing the different study locations. 
Key: UYO LGA (1 – MbakEtoi; 2 – Ifa Ikot Okpon; 3 – Use Offot); IKOT ABASI LGA (4 – Ikot Etetuk; 5 – Ikpetim; 6 – Ikot Obong). INI LGA (7 – Mbiabong Ikot Udo; 8 – Mbiabong Ikot Etim; 9 – Ikot Emiang).




Table 1: Geo-referenced soil sampling locations showing local government areas and parent material characteristics in Akwa Ibom State, southern Nigeria.

	S/N
	Location
	Local Government
 Area
	Parent Material 
Type
	Latitude
	Longitude

	1
	MbakEtoi
	Uyo
	Coastal Plain Sands
	N5°1′6.13″
	E7°59′54.44″

	2
	Ifa Ikot Okpon
	Uyo
	Coastal Plain Sands
	N5°0′14.93″
	E7°58′42.49″

	3
	Use Offot
	Uyo
	Coastal Plain Sands
	N5°1′4.75″
	E7°59′51.87″

	4
	Ikot Etetuk
	Ikot Abasi
	Beach Ridge Sands
	N4°34′56.18″
	E7°35′12.94″

	5
	Ikpetim
	Ikot Abasi
	Beach Ridge Sands
	N4°34′20.22″
	E7°33′59.52″

	6
	Ikot Obong
	Ikot Abasi
	Beach Ridge Sands
	N4°34′53.60″
	E7°33′21.80″

	7
	Mbiabong Ikot Udo
	Ini
	Sandstone–Shale Formation
	N5°21′15.92″
	E7°41′58.14″

	8
	Mbiabong Ikot Etim
	Ini
	Sandstone–Shale Formation
	N5°20′23.91″
	E7°41′45.67″

	9
	Ikot Emiang
	Ini
	Sandstone–Shale Formation
	N5°20′49.34″
	E7°41′36.30″



Climatic conditions in the region are characterized by two seasons: the rainy season and the dry season. The rainy season commences in March and ends around October (with peak rainfall in July and September). The dry season, on the other hand, commences in November and ends in February. Mean annual rainfall in the State is about 2000mm in the northern areas (Ekanem and Udosen, 2023), and over 4000mm along the coastal regions (Nkpoidet et al., 2025a, b). Mean annual temperature varies from 28 to 30°C, while relative humidity is approximately 75%. These climatic conditions facilitate intense soil weathering and nutrient leaching. 
The soils within the State are mostly obtained from coastal plain sands, beach ridge sands, sandstone-shale formations, and recent alluvial deposits (Obi et al., 2020; Udosen et al., 2024). These soils are generally acidic and highly weathered with sandy to loamy surface textures (Udoh and Ibia, 2022; Udo et al., 2025a, b). Their nutrient retention capacity is low.  Furthermore, the dominance of variable charge minerals and iron-aluminum oxides within these soils influences nutrient fixation, adsorption-desorption reactions, and nutrient extractability.
Vegetation within the State consists mostly of secondary rainforest vegetation interspersed with oil palm stands, shrubs, and cultivated farmlands (Ekanem et al., 2025). The major land use activities in the study are cassava cultivation, oil palm processing, and mixed cropping systems. The study locations were carefully chosen to reflect the major parent materials existing in the State, namely: coastal plain sands, beach ridge sands, and sandstone-shale formations.


Experimental Design
The research was arranged as a factorial experiment in a randomized complete block design (RCBD) with three replicates. The treatment factors consisted of two universal extractants, which comprised 0.01 M calcium chloride (CaCl2) and  Agro Services International (ASI) extractant containing 0.25 mol L⁻¹ NaHCO₃ + 0.01 mol L⁻¹ EDTA + 0.01 mol L⁻¹ NH₄F. Treatment factors also comprised two effluent types (palm oil mill effluent and cassava mill effluent) and three parent materials (coastal plain sands, beach ridge sands, and sandstone-shale). Treatment was undertaken at two sampling depths (0–20 cm and 20–40 cm). Control soils without effluent amendment were used for comparison with the effluent-amended soils.  

Soil and Effluent Sampling
Soil samples were acquired from representative cassava mill and palm oil mill disposal sites within the target parent material zones. Composite soil samples were obtained from five randomly selected points within each sampling location with a stainless-steel soil auger. Effluent samples from cassava and palm oil mills were collected directly from active discharge points and dump pits into pre-cleaned polyethylene bottles.  Soil samples were acquired at depths of 0–20 cm and 20–40 cm. Subsamples acquired within each sampling unit were homogenized to form representative composite samples. Undisturbed soil cores were also acquired for the evaluation of bulk density and saturated hydraulic conductivity. All samples were placed in properly labeled polyethylene bags and transported to the laboratory for processing and analysis.

Sample Preparation
Stones and debris were removed from the soil samples before preparation. Sample preparation was undertaken via air-drying of soil samples at room temperature for 48 hours. These samples were then crushed using a wooden roller and sieved through a 2-mm mesh sieve before analysis.   All processed samples were then placed in labeled airtight containers awaiting laboratory analyses.

Laboratory Analyses
Physicochemical Properties of Soil and Effluent Samples
The soil pH was determined with a 1:2.5 soil-to-water suspension using a digital glass electrode pH meter after equilibration for 30 min (Udo et al., 2009). Electrical conductivity (EC) was measured in a similar manner using a conductivity meter. Organic carbon was measured using the Walkley and Black wet oxidation method (Nelson and Sommers 1996). Total nitrogen was determined using the micro-Kjeldahl digestion, distillation, and titration technique (Bremner, 1996). Exchangeable Ca and Mg were extracted with 1 N ammonium acetate (NH4OAc) at a pH of 7.0. Their concentrations were then determined using atomic absorption spectrophotometry (AAS). Concentrations of exchangeable K and Na, on the other hand, were determined with a flame photometer (Udo et al., 2009). Exchangeable acidity was determined via extraction with 1 N KCl, which was later followed by titration with 0.1 N NaOH using a phenolphthalein indicator. Exchangeable aluminum was determined using sodium fluoride displacement titration.
Effective cation exchange capacity (ECEC) measures were obtained via computing the sum of total exchangeable bases (TEB) and exchangeable acidity (EA), as follows:
								(1)
Percent base saturation was calculated using the empirical relationship:
								(2)

Preparation of Universal Extractants
Calcium Chloride Extractant
The 0.01 M CaCl2 extractant was prepared by dissolving analytical-grade calcium chloride in distilled water and diluting the suspension to the required volume.

ASI Extractant
ASI extractant solution was prepared via dissolving 0.25 mol L⁻¹ sodium bicarbonate (NaHCO3), 0.01 mol L⁻¹ ethylenediaminetetraacetic acid (EDTA), and 0.01 mol L⁻¹ ammonium fluoride (NH₄F) in distilled water. The solution was thoroughly mixed and adjusted to the required pH before use. 

 Nutrient Extraction Procedure
Available K, P, Fe, and Mn were extracted using both CaCl2 and ASI extractants. Ten grams (10g) of air-dried soil were initially weighed into 100 mL extraction bottles. 50 mL of extracting solution was then added to the extraction bottles to obtain a soil-to-solution ratio of 1:5. The suspensions were then shaken for 30 minutes at room temperature. After shaking, these suspensions were filtered using Whatman No. 42 filter paper into clean polyethylene containers. The extracts obtained were analyzed immediately to determine the nutrient concentrations. To ensure analytical precision, all analyses were undertaken in triplicate. 
Determination of Extractable Nutrients
Concentrations of extractable potassium were determined with a flame photometer, while those of extractable iron and manganese were determined using atomic absorption spectrophotometry. Concentrations of extractable phosphorus were determined colorimetrically using the molybdenum blue-ascorbic acid method, and absorbance was measured with a UV-visible spectrophotometer using standard analytical procedures. 

Quality Assurance and Quality Control
Analytical quality assurance procedures were undertaken during the study to ensure the reliability and reproducibility of the results obtained. All reagents used were of analytical grade. Glassware and sample containers were acid-washed and rinsed with distilled water before use. Blank samples, duplicate analyses, and standard solutions were used during laboratory analyses for quality control purposes. Instruments used were calibrated using certified standard solutions, and analytical measurements were verified using reference standards.

Statistical Analysis
Data generated from laboratory analysis were subjected to descriptive and inferential analysis using IBM SPSS Statistics software. The mean, standard deviation, and coefficient of variation were computed for the measured variables. A factorial analysis of variance (ANOVA) was undertaken to assess the impacts of extractant type, parent material type, effluent treatment, and sampling depth on extractable nutrient concentrations. Whenever significant differences occurred, the treatment means were assessed using the least significant difference (LSD) test at 5% probability level. To assess the interrelationships between extractable nutrient concentrations and soil physicochemical characteristics, Pearson correlation analysis was carried out. 

RESULTS AND DISCUSSION
Universal extractants for Coastal Plain Sands (CPS), Beach Ridge Sands (BRS), and Sandstone-Shale (SSS) soils

The mean concentrations of extractable phosphorus (P), potassium (K), manganese (Mn), and iron (Fe) obtained using CaCl2 and ASI extractants in coastal plain sands, beach ridge sands, and sandstone-shale soils are shown in Figures 2 - 4. 

Figure 2: Mean concentrations of nutrients extracted by universal extractants from Coastal Plain Sands (CPS) under different effluent treatments and soil depths. 
Key: P = phosphorus, K = potassium, Mn = manganese, and Fe = iron. CaCl2 = calcium chloride extractant; ASI = Agro-Services International extractant; POME = palm oil mill effluent; CME = cassava mill effluent.



Figure 3: Mean concentrations of nutrients extracted by universal extractants from Beach Ridge Sands (BRS) under different effluent treatments and soil depths. 
Key: P = phosphorus, K = potassium, Mn = manganese, and Fe = iron. CaCl2= calcium chloride extractant; ASI = Agro-Services International extractant; POME = palm oil mill effluent; CME = cassava mill effluent.



Figure 4: Mean concentrations of nutrients extracted by universal extractants from Sandstone Shale Sands (SSS) under different effluent treatments and soil depths. 
Key: P = phosphorus, K = potassium, Mn = manganese, and Fe = iron. CaCl2= calcium chloride extractant; ASI = Agro-Services International extractant; POME = palm oil mill effluent; CME = cassava mill effluent.

Figures 2 - 4 illustrated that across all soil samples, ASI extracted higher nutrient concentrations in comparison to CaCl2, indicating substantial differences in extraction efficiency between the two extractants. The reduced concentrations extracted by CaCl2 indicated that the extractant recovered mainly the readily soluble and exchangeable nutrient fractions. ASI, on the other hand, extracted both soluble and weakly adsorbed nutrients via buffering and chelation mechanisms. 
Within the CPS soils (Figure 2), the nutrient concentrations extracted with CaCl2 were low across POME, CME, and control treatments at all depths. However, slightly high concentrations of P (4.17 – 10.32 mg kg-1) and Mn (2.16 – 3.82 cmol kg-1) were observed within effluent-amended soils in comparison to control soils. This was particularly obvious within the 0–20 cm depths. ASI, on the other hand, extracted much higher nutrient concentrations, with the largest values (109.44 – 112.81 mg kg-1 for P, 0.17 - 1.33 cmol kg-1 for K, 33.60 – 56.73 cmol kg-1 for Fe, and 6.73 – 11.07 cmol kg-1 for Mn) observed within the 0-20 cm depths. The increased efficiency of ASI compared to CaCl2 was attributed to the combined impacts of EDTA chelation and bicarbonate buffering capacities. Theses mechanism enhanced the dissolution of adsorbed and weakly bound nutrient forms that were not readily extracted by CaCl2. Similar observations were reported by Ma et al. (2020), who observed improved extraction of macro- and micronutrients with multi-nutrient extractants containing chelating agents and buffered solutions.
Phosphorus was observed to be the most dominant nutrient extracted across the coastal plain sand soils. This was followed by manganese, iron, and potassium. The higher concentrations of phosphorus observed during use of ASI were attributed to the capacity of the fluoride ions within the extractant to reduce phosphorus sorption by Fe and Al oxides, thereby increasing phosphate release into solution. The higher nutrient concentrations observed within the upper soil layer (0-20 cm) also indicated that the effluent-derived nutrients accumulated mostly within the near-surface where effluent deposition had occurred. Nutrient concentrations decreased with depth, indicating reduced vertical motion resulting from nutrient adsorption and retention within the upper soil horizons. 
In beach ridge soils (Figure 3), nutrient concentrations extracted with CaCl2were very low (3.65 – 6.05 cmol kg-1 for P, 0.02 -0.08 cmol kg-1 for K, 11.83 – 17.59 cmol kg-1 for Fe and 1.43 – 3.00 cmol kg-1 for Mn) compared to concentrations extracted using ASI (105.10 – 111.15 cmol kg-1 for P, 0.05 – 0.10 cmol kg-1 for K, 41.0 – 59.53 cmol kg-1 for Fe and 7.89 – 13.00 cmol kg-1 for Mn). POME and CME-treated soil had higher concentrations of extractable nutrients in comparison with control soils, particularly for phosphorus and iron during extraction with ASI. The higher nutrient concentration in effluent-amended soils indicated that both palm oil mill and cassava mill effluents contributed a substantial amount of soluble and potentially available nutrients to the soils. POME-amended soils had slightly higher nutrient concentrations in comparison with CME, especially with 0-20cm depth. This indicated the presence of higher measures of nutrients and organic matter within POME soils. 
Higher nutrient recovery (105.10 – 111.15 mg kg-1 for P, 0.05 – 0.10 cmol kg-1 for K, 41 – 59.53 cmol kg-1 for Fe, and 7.89 – 13 cmol kg-1 for Mn) observed with ASI extractant within BRS soils reflected enhanced extraction capacity of nutrients remaining within the oxide-coated sandy matrices characteristic of beach ridge sands. These soils are coarse-textured and have relatively low cation exchange capacity. Nutrients available in readily exchangeable and weakly adsorbed forms will be susceptible to extraction by buffered chelating solutions. Nutrient concentrations were also observed within the 20–40 cm layer, indicating limited vertical nutrient motion within the soil profile. Overall, nutrient concentrations were generally higher within the 0-20 cm depths, indicating the accumulation of most nutrients within the upper soil layers.
With sandstone shale soils (Figure 4), CaCl2 extraction once again produced low nutrient concentrations (4.38 – 8.23 mg kg-1 for P, 0.03 – 0.12 cmol kg-1 for K, 4.33 – 11.33 cmol kg-1 for Fe and 0.64 – 2.37 cmol kg-1 for Mn) across all treatments and depths, in comparison with values obtained with ASI. ASI extracted higher concentrations of phosphorus (104.17 – 138.23 mg kg-1) and iron (33.11–71.85 cmol kg-1), particularly within the 0-20 cm depth. The higher nutrient concentrations observed in sandstone/shale soils were related to the differences in parent material composition. Sandstone/shale soils generally have finer textures and greater nutrient retention capacity. They also have greater clay content and oxide-associated adsorption surfaces that can retain nutrients in forms extractable by buffered chelating solutions.
 ASI within SSS soils extracted phosphorus as the most dominant nutrient. Control soils were also observed to record high concentrations of phosphorus at the surface layers in comparison with the effluent-amended soils. This may be due to the inherent retention characteristics associated with SSS soils or variations in nutrient transformation processes within the effluent-amended soils.
At a depth of 20-40 cm, CME-treated soils were observed to have slightly higher nutrient concentrations than POME or control soils, indicating the greater downward motion of nutrients obtained from the cassava-mill effluents. This may be due to higher mobility of dissolved nutrients and organic acids inherent in cassava mill effluents, which may enhance nutrient transport within the SSS soils. Similar trends have been reported by Idungafa (2014), who observed an increase in nutrient movement through the soil profile within effluent-impacted tropical soils. 
In Table 2, sand and silt contents showed treatments clustering together statistically. Clay distribution, on the other hand, showed relatively uniform values across effluents, parent materials, and depths. Hydraulic conductivity had clear stratification. The BRS-Control (0–20 cm) and CPS-CME (0–20 cm) were significantly more conductive, while CPS-CME (20–40 cm) and SSS-CME (deep layers) were the least permeable. This highlights how effluent type and depth strongly influence soil water movement compared to texture variables like clay. Bulk density had clear stratification: BRS-CME soils were significantly denser, while CPS-POME soils (especially at 20–40 cm) were the least dense. This reflected how effluent type and parent material strongly influenced soil compaction and structure.
Porosity was highest in CPS-POME at 20–40 cm depth and lowest in BRS-CME soils. This mirrors the inverse relationship with bulk density, with denser soils (BRS-CME) having lower porosity, while CPS-POME soils were more open and porous. Moisture content showed the widest spread of all variables. CPS-POME soils (especially at 20–40 cm) retained significantly more water, while BRS-CME soils were extremely dry. This aligned with porosity and bulk density patterns; porous CPS soils hold more water, while compact BRS-CME soils drain quickly.
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Table 2: Soil physical properties. 
	Parent Materials
	CPS
	BRS
	SSS

	Effluent 
	POME
	CME
	Control
	POME
	CME
	Control
	POME
	CME
	Control

	Depth (cm)
	0 – 20
	20–40
	0 – 20
	20 – 40
	0 – 20
	20–40
	0–20
	20-40
	0 – 20
	20 – 40
	0 – 20
	20 - 40
	0 – 20
	20 – 40
	0 – 20
	20 - 40
	0 - 20
	20 - 40

	Mean Sand (%)
	77.69b
	77.33b
	75.83c
	77.68b
	75.11c
	72.36c
	79.47b
	73.51c
	82.06a
	78.8b
	80.13a
	78.0b3
	83.63a
	77.6b
	81.53a
	80.15a
	78.84b
	79.55b

	SD
	3.27
	4.8
	5.89
	4.32
	3.37
	4.97
	5.95
	7.57
	0.86
	1.06
	2.32
	4.13
	0.95
	5.76
	4.01
	0.08
	4.67
	4.68

	CV
	4.2
	6.21
	7.77
	5.56
	4.49
	6.87
	7.49
	10.29
	1.04
	1.35
	2.89
	5.29
	1.14
	7.42
	4.92
	0.1
	5.92
	5.88

	Mean Silt (%)
	10.13b
	9.79b
	10.68b
	10.07b
	8.04c
	12.12b
	7.87d
	10.49b
	7.35d
	9.23c
	8.57c
	8.55c
	7.29d
	8.35c
	6.68d
	8.75c
	8.85c
	25a

	SD
	1.52
	4.11
	3.82
	2.87
	1.63
	5.6
	3.68
	3.34
	0.63
	1.29
	1.5
	1.91
	0.35
	1.13
	0.78
	0.85
	0.79
	0.92

	CV
	14.99
	41.98
	35.76
	28.47
	20.32
	46.21
	46.75
	31.85
	8.62
	13.95
	17.55
	22.3
	4.79
	13.57
	11.73
	9.77
	8.98
	11.09

	Mean Clay (%)
	12.17a
	12.88a
	13.49a
	12.25a
	16.85a
	15.52a
	12.67a
	16.00a
	10.57a
	11.97a
	11.29a
	13.23a
	9.08a
	14.05a
	11.79a
	11.11a
	12.32a
	12.12a

	SD
	1.75
	0.94
	2.43
	1.6
	3.41
	3.71
	2.52
	4.27
	0.84
	0.28
	0.89
	3.34
	1.3
	5.11
	3.77
	0.82
	4.08
	4.3

	CV
	14.35
	7.27
	18.01
	13.06
	20.23
	23.87
	19.9
	26.67
	7.95
	2.32
	7.85
	25.25
	14.33
	36.36
	32
	7.35
	33.09
	35.44

	 Mean Ksat (cm/hr)
	0.57b
	0.88a
	0.30c
	0.40c
	0.93a
	0.08d
	0.25d
	0.70b
	1.23a
	0.36c
	0.61b
	0.32c
	0.36c
	0.29c
	0.44c
	0.72b
	0.17d
	0.15d

	SD
	0.30
	0.55
	0.20
	0.18
	0.96
	0.04
	0.05
	0.24
	0.81
	0.18
	0.59
	0.30
	0.35
	0.29
	0.25
	0.51
	0.05
	0.17

	CV
	52.84
	63.29
	66.07
	44.41
	103.40
	49.32
	21.46
	34.77
	65.87
	49.86
	95.45
	93.85
	96.25
	97.32
	57.88
	70.30
	26.74
	113.66

	Mean Bulk density (g/cm3)
	1.02d
	0.99d
	1.14c
	1.24c
	1.15c
	1.14c
	1.17c
	1.15c
	1.18c
	1.18c
	1.55a
	1.48a
	1.17c
	1.35b
	1.21c
	1.36b
	1.39b
	1.24c

	SD
	0.43
	0.44
	0.10
	0.04
	0.19
	0.34
	0.04
	0.12
	0.21
	0.16
	0.10
	0.13
	0.31
	0.05
	0.20
	0.20
	0.09
	0.19

	CV
	42.12
	44.21
	8.95
	3.31
	16.83
	29.84
	3.04
	10.74
	17.75
	13.15
	6.60
	8.53
	26.07
	3.64
	16.50
	14.44
	6.19
	15.20

	Mean Total porosity (%)
	46.17d
	65.37a
	57.07b
	53.10c
	56.77b
	56.83b
	55.80b
	56.70b
	55.60b
	47.00c
	41.33d
	44.07d
	55.93b
	45.23c
	54.30b
	48.43c
	47.43c
	53.20c

	SD
	7.56
	14.94
	3.90
	1.64
	7.25
	12.97
	1.30
	4.59
	7.98
	7.51
	4.12
	4.69
	11.59
	5.62
	7.48
	7.43
	3.19
	6.92

	CV
	16.37
	22.85
	6.83
	3.09
	12.78
	22.83
	2.32
	8.09
	14.35
	15.98
	9.98
	10.65
	20.73
	12.43
	13.78
	15.33
	6.73
	13.00

	Mean Moisture content (%)
	38.70a
	40.57a
	22.37c
	14.73d
	12.70e
	31.53
	10.27b
	18.57d
	10.07f
	13.80d
	4.83
	5.57f
	24.17c
	14.97d
	16.93d
	15.77d
	12.17e
	15.37d

	SD
	30.93
	32.73
	6.52
	3.52
	3.13
	18.94
	5.82
	11.05
	3.73
	3.87
	1.37
	1.28
	9.16
	2.75
	6.27
	6.13
	2.32
	5.55

	CV
	79.92
	80.67
	29.16
	23.90
	24.63
	60.06
	56.66
	59.51
	37.10
	28.07
	28.33
	23.02
	37.90
	18.34
	37.05
	38.87
	19.04
	36.13



Relationships between soil properties and universal extractants
Pearson correlation coefficients were employed to assess the interrelationships between soil physicochemical properties and nutrient concentrations extracted using CaCl2 and ASI extractants (Tables 3 and 4). The correlation analysis revealed that a few significant relationships existed between the extractable nutrients and the soil physicochemical properties, implying that the nutrient extraction was impacted by soil chemical and physical characteristics.  
Table 3 illustrates the correlation between the universal extractants and soil physical properties. 

Table 3: Pearson correlation matrix between universal extractants and selected soil physical properties
	Parameters
	CaCl_P
	CaCl_K
	CaCl_Fe
	CaCl_Mn
	ASI_P
	ASI_K
	ASI_Fe
	ASI_Mn
	Sand
	Silt
	Clay
	Ksat
	Bulk
	Total
	Moisture
content

	
	
	
	
	
	
	
	
	
	
	
	
	
	density
	porosity
	

	CaCl_P
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	CaCl_K
	.660**
	1
	
	
	
	
	
	
	
	
	
	
	
	
	

	CaCl_Fe
	0.217
	.363**
	1
	
	
	
	
	
	
	
	
	
	
	
	

	CaCl_Mn
	0.11
	0.223
	.483**
	1
	
	
	
	
	
	
	
	
	
	
	

	ASI_P
	-0.01
	0.113
	0.073
	0.071
	1
	
	
	
	
	
	
	
	
	
	

	ASI_K
	.408**
	.634**
	.424**
	.364**
	0.05
	1
	
	
	
	
	
	
	
	
	

	ASI_Fe
	.310*
	0.24
	.357**
	0.029
	0.029
	0.18
	1
	
	
	
	
	
	
	
	

	ASI_Mn
	0.052
	0.13
	.273*
	0.236
	0.026
	0.127
	.646**
	1
	
	
	
	
	
	
	

	Sand
	0.173
	0.034
	-0.195
	-0.164
	0.14
	-0.058
	0.056
	-0.052
	1
	
	
	
	
	
	

	Silt
	-0.083
	-0.001
	0.233
	0.069
	-0.027
	0.046
	0.025
	-0.025
	-.770**
	1
	
	
	
	
	

	Clay
	-0.188
	-0.048
	0.1
	0.186
	-0.179
	0.051
	-0.105
	0.098
	-.853**
	.324*
	1
	
	
	
	

	Ksat
	0.046
	-0.008
	-0.015
	0.06
	0.031
	0.008
	0.073
	0.144
	-0.033
	0.02
	0.03
	1
	
	
	

	Bulk
	-.447*
	-.533**
	-.420**
	-0.234
	-0.079
	-.412**
	-.319*
	-0.239
	0.023
	-0.045
	0.001
	-.326*
	1
	
	

	density
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total
	0.196
	0.231
	0.101
	0.059
	0.074
	0.071
	0.181
	0.161
	-0.136
	0.113
	0.11
	0.256
	-.719**
	1
	

	porosity
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Moisture content
	.516**
	.696**
	.311*
	0.258
	0.058
	.058**
	0.179
	0.144
	0.043
	0.001
	-0.062
	0.001
	-.733**
	.394**
	1




	LEGEND
	 

	 
	Very strong correlations:  0.80 to 1.00 (positive) and −1.00 to −0.80 (negative) 

	 
	Strong correlations:  0.60 to 0.79 (positive) and −0.79 to −0.60 (negative)

	 
	Moderate correlations: 0.40 to 0.59 (positive) and −0.59 to −0.40 (negative).

	 
	Weak correlations: 0.20 to 0.39 (positive) and −0.39 to −0.20 (negative).



Key:** Correlation is significant at the 0.01 level (2-tailed);* Correlation is significant at the 0.05 level (2-tailed).
CaCl2-P = phosphorus extracted using calcium chloride; CaCl2-K = potassium extracted using calcium chloride;
CaCl2-Fe = iron extracted using calcium chloride; CaCl2-Mn = manganese extracted using calcium chloride; ASI-P = phosphorus extracted using Agro-Services International (ASI) universal extractant; ASI-K = potassium extracted using Agro-Services International (ASI) universal extractant; ASI-Fe = iron extracted using Agro-Services International (ASI) universal extractant; ASI-Mn = manganese extracted using Agro-Services International (ASI) universal extractant;Ksat = saturated hydraulic conductivity.


Strong positive correlations existed between CaCl2-extractable phosphorus and potassium (r = 0.660, p < 0.01) (Table 3). This indicated that soils having high concentrations of soluble phosphorus would also tend to have higher concentrations of exchangeable potassium as well. Similarly, CaCl2-extractable potassium had a significant positive correlation with ASI-extractable potassium (r = 0.634, p < 0.01), indicating that both CaCl2 and ASI had similar behavior towards variations in potassium availability despite the difference in their extraction strength. The stronger correlations that were observed for potassium in comparison to phosphorus reflected the greater mobility and exchangeability of potassium within tropical soils. 
Weak positive relationships were observed between CaCl2-extractable Fe and K (r = 0.363, p < 0.01) (Table 3). Strong positive relationships were observed between Mn and Fe extracted with ASI extractants (r = 0.646, p < 0.01). These strong relationships between Mn and Fe were attributed to the similarities in the geochemical forms of these elements within highly weathered acidic tropical soils. In such soils, these elements are both strongly impacted by redox conditions and oxide dissolution. Due to the acidic and periodically reducing soil environments, Fe and Mn oxides dissolve simultaneously, thereby increasing their extractability. 
Particle size distribution also impacted nutrient extraction (Table 3). Sand content was observed to strongly correlate negatively with silt (r = -0.770, p < 0.01) and clay (r = -0.853, p < 0.01).  Clay had a weak positive correlation with silt (r = 0.324, p < 0.05). Bulk density showed weak to moderate negative correlations with several extractable nutrients, including CaCl2-extractable K, P, Fe, and Mn, as well as ASI-extractable K, Fe, and Mn. These correlations indicated that compacted soils with higher bulk density had reduced pore space, reduced aeration, and consequently limited nutrient mobility.  Total porosity, on the other hand, illustrated a strong negative relationship with bulk density (r = –0.719, p < 0.01) and a moderate positive relationship with moisture content (r = 394, p < 0.01). This indicated that improved porosity allowed for enhanced soil moisture content availability, demonstrating conditions favorable for nutrient retention and mobility, reflecting improved soil structural conditions favorable for nutrient retention and movement.


	Table 4 illustrates the correlations between universal extractants and soil chemical properties. 

Table 4: Pearson correlation matrix between universal extractants and selected soil chemical properties


	Parameters
	CaCl_P
	CaCl_K
	CaCl_Fe
	CaCl_Mn
	ASI_P
	ASI_K
	ASI_Fe
	ASI_Mn
	pH
H2O
	EC
	OC
	TN
	EA
	TEB
	ECEC
	BS

	CaCl_P
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	CaCl_K
	.660**
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	CaCl_Fe
	0.217
	.363**
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	CaCl_Mn
	0.11
	0.223
	.483**
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	ASI_P
	-0.01
	0.113
	0.073
	0.071
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	ASI_K
	.408**
	.634**
	.424**
	. 364**
	0.05
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	ASI_Fe
	.310*
	0.24
	.357**
	0.029
	0.029
	0.18
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 

	ASI_Mn
	0.052
	0.13
	.273*
	0.236
	0.026
	0.127
	.646**
	1
	 
	 
	 
	 
	 
	 
	 
	 

	pHH2O
	0.186
	.427**
	0.082
	0.181
	0.099
	.451**
	0.028
	0.127
	1
	 
	 
	 
	 
	 
	 
	 

	EC
	.634**
	.789**
	.452** 
	.282*
	0.058
	.673**
	0.178
	0.082
	.377**
	1
	 
	 
	 
	 
	 
	 

	OC
	0.047
	0.161
	0.081
	0.18
	0.002
	.380**
	-0.003
	0.188
	.345*
	.311*
	1
	 
	 
	 
	 
	 

	TN
	0.064
	0.174
	0.084
	0.19
	0.03
	.371**
	0.011
	0.204
	. 342*
	.330*
	.991**
	1
	 
	 
	 
	 

	EA
	0.146
	0.057
	-0.135
	-0.231
	-0.005
	-0.045
	0.113
	-0.079
	-0.159
	0.116
	-0.144
	-0.108
	1
	 
	 
	 

	TEB
	.425**
	.478**
	0.213
	0.227
	0.13
	.401**
	0.077
	0.124
	.405**
	.520**
	.403**
	.402**
	0.007
	1
	 
	 

	ECEC
	.450**
	.481**
	0.182
	0.168
	0.104
	.377**
	0.102
	0.097
	.347*
	.539**
	.356**
	.364**
	0.262
	.965**
	1
	 

	BS
	0.224
	.309*
	0.251
	.305*
	0.181
	.325*
	-0.01
	0.185
	.461**
	.324*
	.423**
	.398**
	-.496**
	.778**
	.616**
	1


	LEGEND
	 

	 
	Very strong correlations:  0.80 to 1.00 (positive) and −1.00 to −0.80 (negative) 

	 
	Strong correlations:  0.60 to 0.79 (positive) and −0.79 to −0.60 (negative)

	 
	Moderate correlations: 0.40 to 0.59 (positive) and −0.59 to −0.40 (negative).

	 
	Weak correlations: 0.20 to 0.39 (positive) and −0.39 to −0.20 (negative).



Key: ** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed). CaCl2-P = phosphorus extracted using calcium chloride; CaCl2-K = potassium extracted using calcium chloride; CaCl2-Fe = iron extracted using calcium chloride; CaCl2-Mn = manganese extracted using calcium chloride; ASI-P = phosphorus extracted using Agro-Services International (ASI) universal extractant; ASI-K = potassium extracted using Agro-Services International (ASI) universal extractant; ASI-Fe = iron extracted using Agro-Services International (ASI) universal extractant; ASI-Mn = manganese extracted using Agro-Services International (ASI) universal extractant;pH_H2O = soil pH in water; EC = electrical conductivity; OC = organic carbon;TN = total nitrogen; EA = exchangeable acidity; TEB = total exchangeable bases; ECEC = effective cation exchange capacity; BS = base saturation.


In Table 4, electrical conductivity (EC) was observed to have strong positive correlations with CaCl2-extractable K (r = 0.789, p < 0.01), CaCl2-extractable P (r = 0.634, p < 0.01), and ASI-extractable K (r = 0.673, p < 0.01). These positive correlations indicated that increases in soluble ionic constituents within the soil samples improved nutrient extractability. EC measures the concentration of dissolved ions within soils; higher EC values indicate higher concentrations of soluble nutrient forms. 
Organic carbon (OC) showed a very strong positive relationship with total nitrogen (TN), reflecting the close association between soil OM accumulation and N storage (Table 4). Weak positive correlations were observed between OC and ASI-extractable K (r = 0.380, p < 0.01), implying that soils with higher concentrations of OM may have improved nutrient retention and nutrient exchange capacity. On the other hand, very weak relationships were observed between OC and CaCl2-extractable micronutrients. 
Soil pH had moderate positive correlations with CaCl2-extractable K (r = 0.427, p < 0.01), ASI-extractable K (r = 0.451, p < 0.01), and total exchangeable bases. This trend is typical for acidic tropical soils, where increasing soil pH reduces exchangeable acidity and improves base saturation and nutrient availability. Exchangeable acidity, on the other hand, was observed to have very weak negative relationships with several of the extractable nutrients, indicating that increased soil acidity reduced nutrient availability as a result of increased fixation and adsorption. 
	Very strong positive relationships were observed between the effective cation exchange capacity (ECEC) and total exchangeable bases (TEB) (r = 0.965, p < 0.01). This indicated that the exchangeable bases comprised an appreciable proportion of the soil exchange complex. Moderate and weak positive correlations were observed between ECEC and several extractable nutrients. This suggested that soils with greater exchange capacities retained larger quantities of potentially available nutrient ions. 
In summary, the correlation analysis demonstrated that nutrient extractability was strongly impacted by soil physicochemical properties, particularly pH, EC, organic carbon, exchange capacity, and particle size distribution. 

6.0 Conclusion
[bookmark: _Hlk218868534][bookmark: _Hlk229240739][bookmark: _Hlk226454370]This study appraised the effectiveness of two universal extractants (CaCl2 and Agro-Services International ASI), employed in extracting available P, K, Fe, and Mn from palm oil mill effluent and cassava mill effluent-amended soils. The parent materials for these soils were coastal plain sands, beach ridge sands, and sandstone-shale in Akwa Ibom State, Nigeria. The results indicated wide variation in nutrient extraction ability among the extractants, parent materials, effluent types, and soil sampling depths.  The ASI extractant consistently generated elevated concentrations of P, K, Fe, and Mn compared to CaCl2. This indicated its greater efficiency in recovering soluble and weakly adsorbed nutrient fractions in highly weathered tropical soils. The improved performance of the ASI extractant was attributed to its buffered multi-component composition, which enabled nutrient desorption and chelation beyond the readily exchangeable nutrient fractions extracted by CaCl2. The extractant CaCl2 mostly recovered soluble and exchangeable nutrient forms, leading to lower extraction values.
The effluent-amended soils had higher concentrations of nutrients in comparison to control soils. This indicated that palm oil and cassava mill effluents contributed substantial amounts of plant nutrients to the soils underlying them. Enrichment of nutrients within these soils was observed to be more pronounced within the 0-20 cm depths. This indicated the occurrence of surface accumulation of effluent-derived nutrients. However, appreciable nutrient concentrations were also observed at the 20-40 cm, indicating that there was vertical movement of nutrients through the soil profile. The variations of effluent-derived nutrients within the diverse parent materials (coastal plain sands, beach ridge sands, and sandstone-shale) also demonstrated the vital role of parent material and their associated physicochemical properties in controlling nutrient retention and extractability. Pearson correlation analysis demonstrated the occurrence of significant interrelationships between extractable nutrients and soil properties. These relationships demonstrated the strong influence of the soil’s chemical environment on nutrient dynamics and extractant performance within acidic tropical soils. These relationships also showed that nutrient availability within effluent-amended soils is impacted by soil physicochemical processes rather than by nutrient concentration alone.
This study evaluated nutrient extraction using calcium chloride (CaCl₂) and the Agro-Services International (ASI) extractants in effluent-amended soils. Future studies should incorporate comparative assessments with other multi-nutrient extractants such as Mehlich-3 and AB-DTPA to strengthen methodological benchmarking in tropical soils. It is also recommended that field-scale validations be undertaken to link extractable nutrient fractions with plant uptake under varying environmental conditions.
Overall, this research has demonstrated that extractant choice is crucial in the assessment of nutrient availability with effluent-affected tropical soils. The higher extraction of ASI extractants indicates that buffered multi-nutrient extractants provide a more comprehensive evaluation of nutrient status within highly weathered acidic soils than dilute salt extractants such as CaCl2. The research, therefore, contributes important information toward improving soil fertility evaluation and nutrient dynamics within tropical effluent-amended soils.
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