


Effect of agro-industrial effluents on soil fertility, pore size architecture, and hydraulic properties of tropical soils with contrasting parent materials




ABSTRACT
[bookmark: _GoBack]It is becoming increasingly crucial to understand the environmental implications of amending acid tropical soils formed from varied parent materials with agro-industrial-effluents and their impacts on the intricate soil nutrient dynamics and complex physical properties.This work evaluated the impacts of palm oil mill effluent (POME) and cassava mill effluent (CME) on the physical characteristics, chemical properties, and fertility status of soils from diverse parent materials, namely: Coastal Plain Sands, Beach Ridge Sands, and Sand Stone/Shales. One hundred and eight (108) composite soil samples were acquired from effluent-treated and control soils across the study area. These samples were analyzed for key physical and chemical characteristics. Results indicated that effluent application improved key soil chemical characteristics when compared to control soils. Palm oil mill effluent improved soil conditions by reducing acidity to near-neutral levels, increasing organic carbon and exchangeable bases, and improving effective cation exchange capacity. Cassava mill effluents also improved the soil nutrient status, but their input had more variable responses on soil properties depending on soil type and depth. Overall, effluent-treated soils demonstrated higher nutrient availability and improved structural propertiesas indicated by decreased bulk density, increased porosity, enhanced moisture content, and improved hydraulic conductivity. Control soils generally demonstrated reduced nutrient levels and poorer physical conditions, with some variability observed for specific physical and chemical characteristics across certain soil types and depths. This research indicates that palm oil mill effluents and cassava mill effluents significantly modify soil fertility status in complex tropical sandy soils with diverse parent materials, with palm oil mill effluents exhibiting better overall improvements. 	Comment by Kamalesh waran: SPACE
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INTRODUCTION
The highly weathered tropical soils are typically characterized by strong acidity, low organic matter content, intense soil leaching, and increased nutrient depletion, all of which result from prolonged weathering processes and intensive rainfall conditions within the tropical zones (Ross 1993; Fageria and Baligar 2003; Fageria and Baligar 2008; Fujii et al., 2018). Prolonged weathering and intensive precipitation reduce the amount of available soil nutrients, decrease the efficiency of fertilizer usage, and constrain sustainable agricultural productivity (Zingoreet al., 2015; Kihara et al., 2020; Basak et al., 2022). Improper disposal of agro-industrial wastes in the tropical regions further exacerbates these challenges by modifying soil physical and chemical properties via the continual input of organic residues, dissolved nutrients, suspended solids, and other effluent materials into neighboring soils and water bodies (Igwe et al., 2021; De Silva et al., 2023; Haider et al., 2023). Investigating the interactions between agricultural effluents and tropical soils with diverse parent materials is therefore important for appraising soil porosity, hydraulic conductivity, nutrient mobility and retention, nutrient bioavailability, and overall soil fertility. 	Comment by Kamalesh waran: Space between author name and et al check the entire article, like wise hereafter
            Palm oil mill effluents (POME) and cassava mill effluents (CME) are among the key agro-industrial effluents generated in Southern Nigeria (Chinyere et al., 2013; Izah et al., 2018; Chinyere et al., 2018; Isimahet al., 2025). Palm oil effluents are derived from palm oil industrial processing, while cassava mill effluents are generated during cassava processing activities (Nwoko et al., 2010; Izah et al., 2017). These effluents are typically disposed of in farmlands or open disposal sites, where they aggregate over time alongside other crop residues and diverse organic wastes (Izah et al., 2017). These agro-waste disposal sites are characterized by high measures of organic matter content, increased microbial activities, increased soil nutrient accumulation, and variable pH conditions (Nmadukaet al., 2018; Ikottet al., 2024; Urokoet al., 2025). Palm oil mill effluent disposal sites contain, in addition to all of these, oil residues resulting from palm oil processing activities.
            Decomposition of agro-industrial wastes resulting from POME and CME releases macro- and micro-nutrients alongside dissolved organic matter, which alters soil physicochemical characteristics and impacts soil nutrient dynamics (Nwoko et al., 2010; Ugwu et al., 2025). The extent of these alterations depends on the inherent soil characteristics and composition of the parent material. In Akwa Ibom State, southern Nigeria, the predominant parent materials are the Coastal Plain Sands (CPS), Beach Ridge Sands (BRS), and Sandstone/Shale (SSS), and Alluvium. The soils in the region are predominantly acidic and highly weathered, with iron and aluminum oxides having significant impacts on soil nutrient mobility and retention (Umoh et al., 2021). These iron and aluminum oxides contribute to phosphorus fixation and the subsequent reduction in available soil nutrients despite nutrient enrichment from organic wastes. Furthermore, the high clay content within these soils leads to nutrient adsorption and fixation within the soils (Strawn 2021; Mendez et al., 2022; Liu et al., 2022; Beuschet al., 2022).  	Comment by Kamalesh waran: The soils in the region are predominantly acidic and highly weathered, and iron and aluminum oxides significantly influence nutrient mobility and retention.
Increment in organic matter accumulation at agro-industrial effluent-impacted sites increases metal complexation and alters nutrient extractability processes (Nmadukaet al., 2018; Urokoet al., 2025). Rapid decomposition of organic matter under the humid tropical conditions in the region causes an increment in nutrient cycling processes and increases the rate of biological activities within the soil system (Zech et al., 1997; DeAngelis et al., 2013; Rasche and Cadisch 2013; Gmachet al., 2019; Kirsten et al. 2021). The physicochemical responses of soil material in the region to agricultural effluent deposition will therefore not be uniform but will vary depending on interactions between the effluent material, soil mineralogy,soil texture, and organic matter content, etc. 
Previous research had reported that cassava mill effluents increase soil potassium, sodium, phosphorus, and organic carbon contents while palm oil mill effluents improve soil pH, potassium, calcium, magnesium, and organic matter levels (Ebhoaye and Dada 2004; Osakwe 2012; Ubani et al., 2017; Urokoet al., 2025; Anozie et al., 2025). These studies also indicated that agricultural effluents function simultaneously as environmental contaminants and potential nutrient sources for soil amendment (Igbinosaet al., 2015; Williams 2018; Karimu and Bada 2023). Nutrient enrichment alone, however, does not translate to improved nutrient availability. This is because highly acidic tropical soils, such as those found in the study area, typically exhibit strong nutrient fixation and nutrient retention processes associated with the oxide-rich mineral fractions present within such soils (Bortoluzziet al., 2015; Chiu et al., 2021; Mendez et al., 2022; Saenthoet al., 2022; Liu et al., 2022). The agricultural implications of effluent treatment on such soils will depend not only on the concentrations of nutrients enriching the soil systems, but on how soil physical and chemical conditions in the region regulate the mobility, sorption, and accessibility of those nutrients to plants.
There is currently limited information regarding the comparative impacts of cassava mill effluents and palm oil mill effluents on soils derived from different parent materials (coastal plain sands, beach ridge sands, and sandstone/shale) in Akwa Ibom State. Soils derived from these diverse parent materials may have different physicochemical responses to effluent disposal because of the differences in parent material texture, clay content, weathering intensity, and nutrient retention capacity.  An understanding of these variations is therefore crucial for a proper assessment of the potential and the environmental implications of agro-industrial effluent-amended soils.
            This research, therefore, assessed the impact of cassava mill and palm oil mill effluents on the physical and chemical properties and fertility status of soils derived from diverse parent materials in Akwa Ibom State, Nigeria. The work hypothesizes that variations in characteristics of the parent materials will impact the extent to which these agro-industrial effluents will modify soil properties and nutrient enrichment patterns. The objectives of this work were to determine the soil physical and chemical characteristics, characterize the effluents, evaluate the impacts of these effluents on soil fertility and nutrient enrichment, and appraise the agricultural implications of the effluent-amended soils.

MATERIALS AND METHODS
Study Area
This research was conducted in Uyo, Ikot Abasi, and Ini Local Government Areas (LGA) of Akwa Ibom State, southern Nigeria (Figure 1). Akwa Ibom lies between latitudes 4°30ʹ and 5°30ʹ N and longitudes 7°30ʹ and 8°20ʹ E. The State covers an area of approximately 8,412 km2 and is bounded by the Bight of Bonny to the south, Cross River State to the east, Abia State to the northwest, and Rivers State to the southwest.
[image: ]
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).

The study area's climate has rainy and dry seasons. The rainy season occurs between March and October (with peaks in July and September).  The dry season occurs between November and March. Annual rainfall ranges from approximately 2,000 mm in the northern parts of the State to about 4,000 mm along the coastal areas. Temperature and relative humidity are uniformly high throughout the year, with values of 28 -30°C and 75%, respectively (Obi et al., 2020). These humid tropical conditions promote intense weathering and rapid decomposition of organic materials.
The soils of Akwa Ibom State are generally known to be formed from parent materials such as coastal plain sands (CPS), beach ridge sands (BRS), sandstone/shale (SSS), and alluvial deposits (Ibiaet al., 2008; Obi et al., 2020). This study focused on soils derived from CPS, BRS, and SSS parent materials because these geomorphic units are widely distributed within the study area and support major agricultural and agro-processing activities. The soils are generally acidic and have sandy to loamy surface textures. Such conditions influence nutrient retention and nutrient mobility of soils to agricultural effluent deposition.
The study locations lie within Nigeria's humid tropical rainforest zone. Natural vegetation in some regions has been replaced by secondary vegetation such as wild oil palms, woody shrubs such as Siam weed (Chromolaenaodorata), plantain plantations, and mixed grass undergrowth. Land is mostly used for forest plantations, tree crop cultivation, swamp rice farming, and intensive upland agriculture involving crops such as cassava (Manihot spp), maize (Zea mays), fluted pumpkin (TelfairaoccidentalisHook), and cocoyam (Colocasia esculenta). The widespread cultivation and processing of cassava and oil palm have contributed to the generation of cassava mill effluents and palm oil mill effluents.	Comment by Kamalesh waran: Write genus and species separately, further similar mistakes on other scientific names check and correct it on entire manuscript

Soil and Effluent Sampling
Palm oil mill and cassava mill effluent samples were acquired from waste dump pits associated with palm oil and cassava processing into labeled polyethylene sample bottles. Effluent-treated soils were obtained from geo-referenced (Table 1) locations surrounding the disposal sites within the three parent material groups. These parent material groups were the Coastal Plain Sands, Beach Ridge Sands, and Sandstone Shale soils.


Table 1: Geo-referenced sampling locations
	S/N
	Location
	Latitude
	Longitude

	1
	MbakEtoi
	N5˚1̍6.13̍ ̍
	E7˚59̍54.44̍ ̍

	2
	Ifa Ikot Okpon
	N5˚0̍14.93̍ ̍
	E7˚58̍42.49̍ ̍

	3
	Use Offot
	N5˚1̍4.75̍ ̍
	E7˚59̍51.87̍ ̍

	4
	Ikot Etetuk
	N4˚34̍56.18̍ ̍
	E7˚35̍12.94̍ ̍

	5
	Ikpetim
	N4˚34̍20.22̍ ̍
	E7˚33̍59.52̍ ̍

	6
	Ikot Obong
	N4˚34̍53.60̍ ̍
	E7˚33̍21.80̍ ̍

	7
	Mbiabong Ikot Udo
	N5˚21̍15.92̍ ̍
	E7˚41̍58.14̍ ̍

	8
	Mbiabong Ikot Etim
	N5˚20̍23.91̍ ̍
	E7˚41̍45.67̍ ̍

	9
	Ikot Emiang
	N5˚20̍49.34̍ ̍
	E7˚41̍36.30̍ ̍



Soil samples were acquired with a soil auger at depths of 0-20 cm and 20-40 cm. The 0-20 cm depth represented the active surface layer exposed to effluent accumulation and agricultural activities, whereas the 20-40 cm depth represented the subsoil layer employed to evaluate nutrient mobility. Undisturbed samples were acquired for evaluation of bulk density and saturated hydraulic conductivity.
Samples acquired from different sampling depths and parent material groups were replicated three times to account for spatial variability within the study area. All samples were labeled, packaged in polyethylene bags, and taken to the laboratory for analysis.

Sample Preparation and Laboratory Analysis
Soil samples were air-dried at room temperature for 48 h, gently crushed, homogenized, and passed through a 2 mm sieve prior to laboratory analyses. Analytical determinations for both soil and effluent samples were carried out according to standard procedures described by Udo et al. (2009).

Physicochemical Analysis of Soil Samples
Particle size distribution was determined using the hydrometer method described by Gee and Bauder (1986), with sodium hexametaphosphate (Calgon) used as the dispersing agent. The percentages of sand, silt, and clay fractions were calculated from hydrometer readings after temperature correction using standard equations.
Bulk density was determined using the core method described by Grossman and Reinsch (2002). Total porosity was subsequently estimated from bulk density values using a particle density of 2.65 g cm-3via the empirical formulation:
					(1)
Saturated hydraulic conductivity () was evaluated with the constant head permeameter technique according to the expression:
								(2)
where
	.								(3)
Given that
,									(4)
equation (2) therefore translates to 
.									(5)
Here = hydraulic conductivity (cm h-1),= hydraulic head difference between the top and bottom cores (cm), = volume of water passing through the soil column within a given time (cm3), = length of the soil column (cm), = cross-sectional area of the cylinder (cm2), and = time required to collect the effluent volume Q (sec).
Soil pH was evaluated with a glass electrode pH meter using a 1:2.5 soil-to-water suspension after equilibration for thirty minutes(Udo et al., 2009). Electrical conductivity (EC) was similarly determined in a 1:2.5 soil-to-water extract using an electrical conductivity meter (Udo et al., 2009).
Organic carbon was determined using the wet oxidation method with acid dichromate digestion as described by Nelson and Sommers (1996), while total nitrogen was determined by the micro-Kjeldahl digestion and distillation procedure described by Bremner (1996).
Exchangeable calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na) were extracted using 1 N ammonium acetate (NH4OAc) at pH 7 following the procedure described by Udo et al. (2009). Calcium and magnesium were determined using EDTA titration and atomic absorption spectrophotometry, whereas potassium and sodium were determined using flame photometry.
Exchangeable acidity resulting from hydronium and aluminum ions was evaluated via extraction with 1 N potassium chloride (KCl) followed by titration with 0.1 N sodium hydroxide (NaOH) using phenolphthalein indicator. Exchangeable aluminum was subsequently determined by adding sodium fluoride (NaF) and titrating with 0.1 N hydrochloric acid (HCl) as described by Udo et al. (2009).
Effective cation exchange capacity (ECEC) was estimated via:
								(6)
where TEB represents total exchangeable bases and EA represents exchangeable acidity.
Percent base saturation (BS) was calculated using the relationship:
								(7)

RESULTS AND DISCUSSION
Across the diverse soil types, consistent patterns were observed in response to palm oil mill effluents (POME), cassava mill effluents (CME), and control treatments, which indicated that effluent application significantly impacted soil chemical qualities, soil physical qualities, and soil fertility dynamics.

Coastal Plain Sand (CPS) soils
Soil pH within coastal plain sands indicated that effluent-amended soils impacted soil reactions. POME-treated soils had near-neutral values for 0-20 and 20-40 depths (6.89 and 6.71), CME-treated soils were moderately acidic (6.54 and 6.38), whereas control soils were strongly acidic (5.72 and 5.16). These results indicated that the two effluents, particularly POME, reduced the acidity of the soil and improved the chemical conditions required for nutrient availability. The untreated control soils, on the other hand, remained acidified and potentially restrictive for crop growth (Table 2).


Table 2: Mean soil chemical properties for Coastal Plain Sand Soils (CPS).
	Parameters
	Agricultural Waste

	
	POME
	CME
	Control

	
	0 – 20 cm
	20 – 40 cm
	0 – 20 cm
	20 – 40 cm
	0 – 20 cm
	20 – 40 cm

	pH H2O
	6.89
	6.71
	6.54
	6.38
	5.72
	5.16

	EC (dS/m)
	0.96
	0.48
	0.47
	0.19
	0.18
	0.06

	OC (%)
	2.95
	3.40
	3.08
	2.57
	3.37
	2.52

	OM (%)
	5.10
	5.87
	5.32
	4.44
	5.83
	4.36

	TN (%)
	0.19
	0.22
	0.21
	0.17
	0.22
	0.17

	AV. P (mg/kg)
	103.55
	63.33
	94.88
	121.55
	54.89
	98.88

	C:N ratio
	23.40
	23.20
	22.47
	23.40
	23.03
	22.97

	Ca (cmol/kg)
	5.60
	6.56
	5.52
	4.56
	3.68
	2.56

	Mg (cmol/kg)
	2.95
	3.44
	3.05
	2.17
	2.11
	1.37

	K (cmol/kg)
	0.28
	0.25
	0.20
	0.10
	0.07
	0.02

	Na (cmol/kg)
	0.22
	0.21
	0.14
	0.15
	0.13
	0.40

	EA (cmol/kg)
	3.33
	3.21
	3.87
	3.13
	2.14
	3.80

	Al+ (cmol/kg)
	1.04
	1.01
	1.06
	0.93
	0.96
	0.96

	H+ (cmol/kg)
	2.30
	2.18
	2.81
	2.21
	1.18
	2.92

	TEB (cmol/kg)
	9.04
	10.46
	8.92
	6.98
	5.98
	4.10

	ECEC (cmol/kg)
	12.37
	13.66
	12.79
	10.11
	8.12
	7.90


Key: EC – electrical conductivity; OC – organic carbon; OM – organic matter; TN – total nitrogen; Av. P – available phosphorus; C:N ratio – carbon-to-nitrogen ratio; Ca – calcium; Mg – magnesium; K – potassium; Na – sodium; EA – exchangeable acidity; Al – aluminium; H – hydrogen; TEB – total exchangeable bases; ECEC – effective cation exchange capacity; POME – palm oil mill effluent; CME – cassava mill effluent.


Electrical conductivity (EC) values followed the trend: POME > CME > control, demonstrating that higher concentrations of soluble ions existed within the effluent-treated soils. All EC values within the diverse soil series remained low, suggesting the absence of salinity hazards. The elevated EC values obtained in POME-treated soils (0.96 and 0.48 dS/m) reflected increased nutrients and ion inputs from organic waste decomposition rather than salt stress conditions.
Organic carbon (OC) and organic matter (OM) were generally higher in POME-treated soils, especially at depth (3.40% and 5.87%), indicating improved carbon input from organic residues. The declines observed in CME and control treatments for organic matter (4.44 and 4.36%, respectively) indicated weaker carbon enrichment and organic matter depletion in untreated soils. These trends demonstrated that effluent application enhanced soil organic enrichment, with POME showing the strongest effect.
Total nitrogen exhibited a slight increase with depth under POME (0.22%), while CME and control showed declining nitrogen trends (0.17%). This suggested better nitrogen stabilization under POME, whereas CME and control soils experienced nitrogen loss through leaching or reduced organic inputs.
Available phosphorus showed strong spatial variability, with very high values in POME surface soils (103.55 mg/kg) and even higher concentrations in CME at depth (121.55 mg/kg). This suggested differential mobility of phosphorus, with cassava effluent promoting deeper translocation. Surface control soils recorded the lowest surface phosphorus (54.89 mg/kg), indicating nutrient deficiency under natural conditions.
Exchangeable bases (Ca, Mg, K, Na) were consistently highest in POME and lowest in control soils, indicating improved soil fertility status under organic effluent amendment. The dominance of calcium and magnesium indicated strong base enrichment from effluent inputs. Sodium remained relatively higher in control soils at depth (0.40 cmol/kg), implying less balanced nutrient composition. Exchangeable aluminum was highest in CME surface soils (1.06 cmol/kg), suggesting localized acidity stress under cassava effluent application. 	Comment by Kamalesh waran: Where is discussion author citation not included
Total exchangeable bases and effective cation exchange capacity (ECEC) were highest in POME-treated soils at depth (10.46 and 13.66 cmol/kg, respectively), confirming improved nutrient retention capacity compared to CME and control.
 
Beach Ridge Sand (BRS) soils
Soil pH within the Beach Ridge Sand (BRS) soils indicated the soils treated with POME were slightly acidic (5.74 and 5.71).  CME-treated soils and control soils ranged from moderately acidic to near neutral, respectively (6.16-6.40 and 6.28-6.20, respectively).  In comparison to coastal plain sand (CPS) soils, BRS soils were generally less acidic, suggesting stronger buffering capacities (Table 3).

Table 3: Mean soil chemical properties for Beach Ridge Sand soils (BRS)	Comment by Kamalesh waran: Interpretation inconsistency: Table 3 shows control BRS soils have higher pH than POME soils, but text says POME buffered acidity more effectively.
	Soil Properties
	Agricultural Waste

	
	POME
	CME
	Control

	
	0 – 20 cm
	20 – 40 cm
	0 – 20 cm
	20 – 40 cm
	0 – 20 cm
	20 – 40 cm

	pH H2O
	5.74
	5.71
	6.16
	6.40
	6.28
	6.20

	EC (dS/m)
	0.16
	0.12
	0.12
	0.11
	0.07
	0.06

	OC (%)
	2.58
	2.77
	2.23
	1.92
	1.87
	3.28

	OM (%)
	4.46
	4.58
	3.86
	3.32
	3.24
	5.68

	TN (%)
	0.11
	0.11
	0.10
	0.08
	0.08
	0.14

	AV. P (mg/kg)
	55.11
	38.89
	29.55
	23.10
	18.22
	7.55

	C:N ratio
	22.83
	24.80
	23.20
	23.10
	22.40
	23.47

	Ca (cmol/kg)
	5.76
	4.48
	3.44
	3.76
	2.08
	2.48

	Mg (cmol/kg)
	3.46
	2.31
	1.56
	2.12
	1.11
	1.40

	K (cmol/kg)
	0.07
	0.05
	0.04
	0.03
	0.02
	0.03

	Na (cmol/kg)
	0.18
	0.17
	0.20
	0.20
	0.16
	0.14

	EA (cmol/kg)
	3.07
	3.07
	3.33
	3.74
	2.65
	4.14

	Al+ (cmol/kg)
	1.01
	0.98
	0.99
	1.04
	1.04
	1.02

	H+ (cmol/kg)
	2.06
	2.09
	2.34
	2.71
	1.76
	3.11

	TEB (cmol/kg)
	9.48
	7.01
	5.24
	6.11
	3.36
	4.05

	ECEC(cmol/kg)
	12.54
	10.08
	8.57
	9.85
	6.17
	8.18


Key: EC – electrical conductivity; OC – organic carbon; OM – organic matter; TN – total nitrogen; Av. P – available phosphorus; C:N ratio – carbon-to-nitrogen ratio; Ca – calcium; Mg – magnesium; K – potassium; Na – sodium; EA – exchangeable acidity; Al – aluminium; H – hydrogen; TEB – total exchangeable bases; ECEC – effective cation exchange capacity; POME – palm oil mill effluent; CME – cassava mill effluent.

Organic carbon and organic matter were observed to increase with depth across POME and control soils. This suggested that deeper soil horizons served as reservoirs of organic carbon and organic matter due to slower decomposition rates or rapid percolation of organic materials. 
Total nitrogen was observed to be stable within POME-treated soils. Total nitrogen declined within CME-treated soils, ranging from 0.10% in surface soils to 0.08% at depth. Control soils accumulated nitrogen with depth, with total nitrogen values increasing from 0.08% in surface soils to 0.14% at depth.  
Available phosphorus was generally higher within POME-treated soils (55.11mg/kg in surface soils), whereas CME and controls had lower levels of available phosphorus (29.55 mg/kg and 18.22mg/kg, respectively, in surface soils). These results indicated that POME was the most effective amendment for enriching beach ridge sand soils with phosphorus.  	Comment by Kamalesh waran: Inconsistent unit formatting such as “cmol/kg”, “mg/kg”, “g cm-3via”, “55.11mg/kg”. Instead of writing this use prefix and suffix	Comment by Kamalesh waran: No citation
Exchangeable bases had a trend of POME > CME > control. This indicated strong nutrient enrichment under palm oil effluents. Magnesium, potassium, and calcium also demonstrated similar trends, indicating improved fertility status within POME-treated soils. Sodium remained relatively stable across treatments. Exchangeable acidity remained stable in POME-treated soils but increased within CME and control soils at depth. This indicated that within beach ridge sand soils, POME buffered acidity more effectively, whereas cassava effluents and natural conditions promoted subsurface acidification. Total exchangeable bases and ECEC were highest under POME-treated soils. This once again confirmed enhanced nutrient retention and improved soil chemical stability in POME soils compared to other treatments.



Sand Stone Shale (SSS) soils
Soil pH varied from slightly acidic to near neutral under POME and CME at depth (6.53 and 6.38), while control soils became more acidic with depth (5.34) (Table 4). This suggested that effluent application moderated acidity, while untreated soils experienced progressive acidification.

Table 4: Mean soil chemical properties for Sand Stone/Shale (SSS) soils
	Soil Properties 
	Agricultural Waste

	
	POME
	CME
	Control

	
	0 – 20 cm
	20 – 40 cm
	0 – 20 cm
	20 – 40 cm
	0 – 20 cm
	20 – 40 cm

	pH (H2O)
	6.37
	6.53
	6.26
	6.38
	5.93
	5.34

	EC (dS/m)
	0.34
	0.14
	0.13
	0.11
	0.10
	0.08

	OC (%)
	2.41
	2.72
	2.58
	1.92
	2.11
	2.42

	OM (%)
	4.17
	4.70
	4.45
	3.33
	3.66
	4.18

	TN (%)
	0.10
	0.12
	0.11
	0.08
	0.09
	0.10

	AV. P (mg/kg)
	35.77
	53.55
	79.55
	100.88
	91.33
	48.88

	C:N ratio
	23.17
	22.57
	22.73
	22.93
	23.43
	23.47

	Ca (cmol/kg)
	6.40
	3.60
	4.88
	3.68
	2.72
	2.72

	Mg (cmol/kg)
	3.29
	2.22
	2.50
	1.68
	1.83
	1.66

	K (cmol/kg)
	0.10
	0.10
	0.10
	0.10
	0.04
	0.04

	Na (cmol/kg) 
	0.24
	0.22
	0.20
	0.20
	0.20
	0.19

	EA (cmol/kg) 
	3.47
	3.73
	4.27
	3.73
	3.60
	3.60

	Al+ (cmol/kg) 
	1.63
	1.05
	0.99
	1.05
	0.98
	1.02

	H+ (cmol/kg) 
	1.84
	2.68
	2.74
	2.42
	2.62
	2.58

	 TEB (cmol/kg) 
	10.03
	5.88
	7.68
	5.65
	4.53
	4.61

	ECEC (cmol/kg) 
	13.50
	9.61
	11.41
	9.12
	8.13
	8.21


Key: EC – electrical conductivity; OC – organic carbon; OM – organic matter; TN – total nitrogen; Av. P – available phosphorus; C:N ratio – carbon-to-nitrogen ratio; Ca – calcium; Mg – magnesium; K – potassium; Na – sodium; EA – exchangeable acidity; Al – aluminium; H – hydrogen; TEB – total exchangeable bases; ECEC – effective cation exchange capacity; POME – palm oil mill effluent; CME – cassava mill effluent.

Electrical conductivity (EC) was highest in surface POME soils (0.34) and lowest in control soils at depth (0.08). All EC values remained below salinity thresholds, indicating that effluent application improved ion availability without inducing salinity stress.
Organic carbon and organic matter showed contrasting trends depending on treatment. POME soils showed increasing carbon and organic matter with depth, implying downward redistribution and stabilization. In contrast, CME showed declines with depth (2.72 and 4.70%, respectively), indicating organic matter depletion and reduced stabilization capacity. Control soils showed moderate increases with depth due to slow decomposition processes.
Total nitrogen (TN) remained relatively stable under POME (0.11-0.12%). It decreased under CME (0.11 to 0.08%) and showed slight increases under control (0.09 to 0.10%). These patterns suggested that POME supported nitrogen stability, whereas CME enhanced nitrogen loss or transformation processes.
Available phosphorus varied widely, with CME showing very high values at depth (100.88 mg/kg) and control soils showing high surface phosphorus (91.33mg/kg) but reduced subsurface phosphorus (48.88mg/kg). This indicated that cassava effluents enhanced phosphorus availability but promoted downward movement.
Exchangeable bases followed the trend, with POME showing the highest nutrient concentrations. Control soils consistently showed nutrient depletion, particularly in calcium, magnesium, and potassium. This reflected the poor fertility status of control soils. Hydrogen exceeded aluminum in all soils, suggesting moderate acidity conditions. Total exchangeable bases and ECEC were highest in surface POME (13.30 cmol/kg). This confirmed the superior nutrient retention and fertility improvement of POME soils in comparison to CME-treated soils (11.41 cmol/kg) and control soils (8.13 cmol/kg).

Physical properties of Coastal Plain Sand (CPS),Beach Ridge Sand (BRS), and Sand Stone Shale (SSS) soils

Effluent application significantly influenced soil physical quality across all soil types (Table 5).
Table 5:Soil Physical Properties	Comment by Kamalesh waran: Tables are overcrowded better split it
	Parameter 
	CPS
	BRS
	SSS

	
	POME
	CME
	Control
	POME
	CME
	Control
	POME
	CME
	Control

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

	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)
	1.02
	0.99
	1.14
	1.24
	1.15
	1.14
	1.17
	1.15
	1.18
	1.18
	1.55
	1.48
	1.17
	1.35
	1.21
	1.36
	1.39
	1.24

	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 (%)
	46.17
	65.37
	57.07
	53.10
	56.77
	56.83
	55.80
	56.70
	55.60
	47.00
	41.33
	44.07
	55.93
	45.23
	54.30
	48.43
	47.43
	53.20

	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 (%)
	38.70
	40.57
	22.37
	14.73
	12.70
	31.53
	10.27
	18.57
	10.07
	13.80
	4.83
	5.57
	24.17
	14.97
	16.93
	15.77
	12.17
	15.37

	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


Key: CPS – coastal plain sand; BRS – beach ridge sand; SSS – sandstone shale; POME – palm oil mill effluent; CME – cassava mill effluent; Ksat – saturated hydraulic conductivity; SD – standard deviation; CV – coefficient of variability.

Saturated hydraulic conductivity (Ksat) was consistently higher in POME and CME compared to control soils (Table 4). This indicated improved water infiltration due to effluent-induced soil structure modification. The highest infiltration was observed in BRS under CME. The lowest infiltration occurred in control soils, reflecting poor permeability in untreated conditions.
Bulk densityreduced in effluent-treated soils particularly under POME (Table 4). This indicated improved soil loosening and reduced compaction within effluent-treated soils. Control soils exhibited higher bulk density especially at depth, suggesting restricted root penetration and reduced soil aeration. 
Total porosity values were higher under effluent treatments but decreased in control soils, indicating that organic effluents improved soil pore development and enhanced soil physical quality. Porosity values were observed to decrease with depth, reflecting the natural processes of soil compaction with depth. 
Moisture content values were higher within the surface layers of effluent-treated soils. POME-treatments had the highest measures of moisture retention, whereas control soils had the lowest. This indicated that agro-industrial effluents improve water holding capacities of soils due to organic matter input from the effluents. 
	
Chemical composition of Palm Oil Mill Effluent (POME) and Cassava Mill Effluent (CME) sludge
POME was slightly acidic, while CME was moderately acidic, indicating inherent differences in waste chemistry(Table 6). EC values were higher in CME, suggesting greater ionic concentration compared to POME.POME also contained higher organic carbon and total nitrogen, indicating stronger organic enrichment potential. However, CME showed higher available phosphorus and calcium content, suggesting it contributes more strongly to phosphorus and base cation input.
Exchangeable acidity was higher in CME, indicating a greater tendency to promote soil acidity stress compared to POME. Conversely, POME showed higher potassium content, reflecting its stronger role in potassium enrichment.Effective cation exchange capacity (ECEC)and base saturation were high in both effluents, but generally higher in CME, indicating strong nutrient loading potential in both wastes, with slightly different nutrient dominance patterns.

Table 6: Chemical composition of palm oil mill and cassava mill effluent sludge
	Parameter
	POME
	CME

	pH (1:2.5 H2O)
	5.2
	6.5

	Electrical Conductivity (dS/m)
	0.272
	0.795

	Organic Carbon (g/kg)
	5.40
	3.65

	Total Nitrogen (g/kg)
	2.33
	1.58

	Available Phosphorus (mg/kg)
	29.33
	41.33

	Exchangeable Acidity
	1.06
	2.00

	Calcium (cmol/kg)
	10.8
	18.40

	Magnesium (cmol/kg)
	3.6
	3.07

	Sodium (cmol/kg)
	0.347
	0.432

	Potassium (cmol/kg)
	1.702
	0.174

	ECEC (cmol/kg)
	17.51
	24.08

	Base Saturation (%)
	93.94
	91.69


Key: ECEC – effective cation exchange capacity; POME – palm oil mill effluent sludge; CME – cassava mill effluent sludge.



Figure2: Chemical composition of palm oil mill and cassava mill effluent sludge	Comment by Kamalesh waran: Not mentioned in discussion

Soil fertility status and implications
Across all soil types, effluent-amended soils showed moderate to high fertility levels compared to control soils, which consistently exhibited lower nutrient status.Coastal Plain Sand soils showed moderate fertility under CME, while Beach Ridge Sand soils exhibited generally lower fertility, especially under control conditions. Sand Stone Shale soils showed variable fertility but improved nutrient status under effluent treatments.Overall, POME consistently enhanced soil chemical and physical properties more effectively than CME, while control soils remained nutrient-deficient across all indicators. Table 7 presents the criteria employed for the assessment of soil characteristics status. Table 8 presents characteristics and fertility levelsin POME- and CME-amended soils , and Table 9 presents effluent characteristics and fertility levels for palm oil and cassava mills obtained from fieldwork.
	.
Table 7:Criteria for assessment of the status of soil characteristics. Source: Federal Fisheries Department / Federal Ministry of Agriculture and Rural Development (2012)

	Soil Characteristics
	Very low
	Low
	Medium
	High
	Very High

	Organic Carbon (g/kg)
	< 4.0
	4.0 – 10
	10 – 14
	14 – 20
	>20

	Total Nitrogen (g/kg)
	0.3- 0.5
	0.6 – 1.0
	1.1 – 1.5
	1.6 – 2.0
	2.1-2.4

	Available P (mg/kg)
	<3
	3 – 7
	7 - 20
	> 20
	 

	Exchangeable Ca (cmol/kg)
	0.12-0.2
	< 2.0
	2
	> 2.6
	 

	Exchangeable M (cmol/kg)
	0.12-0.2
	< 0.45
	 
	 
	 

	Exchangeable k (cmol/kg)
	0.12-0.2
	0.21 – 0.3
	0.31 – 0.6
	0.61 – 0.73
	 

	ECEC
	 
	< 6
	6 – 12
	> 12
	> 20

	pH
	Strongly Acidic
	Moderately Acidic
	Slightly Acidic
	Neutral
	Slightly Alkaline (7.3-7.8)




[bookmark: _Hlk228536181]Table 8: Soil characteristics and fertility level in the area impacted by cassava mill effluent and palm oil mill effluents
	Soil Characteristics
	Status / Criteria for CME
	Status / Criteria for POME

	Soil pH
	Strongly to slightly acidic
	Strongly acidic

	Organic carbon
	Low
	very low

	Total nitrogen
	low – high
	medium – high

	Available phosphorus
	very high
	High

	Exchangeable calcium
	High
	Very high

	Exchangeable magnesium
	High
	Very high

	Exchangeable potassium
	Very low
	Very low – low

	Effective cation exchange capacity
	Medium – very high
	Very high




Table 9: Effluent characteristics and fertility level for cassava and palm oil mill
	Soil Characteristics
	Status / Criteria for CME
	Status / Criteria for POME

	Soil pH
	Slightly acidic
	Strongly acidic

	Organic carbon
	Low
	High

	Total nitrogen
	Medium
	Very high

	Available phosphorus
	High
	Very high

	Exchangeable calcium
	Very high
	Very high

	Exchangeable magnesium
	Very high
	Very high

	Exchangeable potassium
	Low
	Very high

	Effective Cation Exchange Capacity
	Very high
	High



These results showed that organic effluent application improved soil fertility and structure across different soil types. POME demonstrated a stronger positive influence on soil physical and chemical characteristics, while CME showed more variable effects depending on soil type and depth. Control soils had reduced fertility and poorer physical structure. These results therefore delineate the beneficial role of organic waste amendments in the enhancement of soil quality.

CONCLUSION 	Comment by Kamalesh waran: Shortout out the conclusion in one para
This work assessed the impact of palm oil mill effluent (POME) and cassava mill effluent (CME) on the chemical and physical properties of Coastal Plain Sand (CPS), Beach Ridge Sand (BRS), and Sand Stone/Shale (SSS) soils in Akwa Ibom State, Nigeria. Results indicated that effluent-amended soils indicated improved chemical fertility in comparison to control soils. This was demonstrated by the moderation of soil pH, increased organic carbon and organic matter, and improved levels of exchangeable bases and effective cation exchange capacity. Palm oil mill effluent demonstrated a higher capability for improving soil chemical characteristics, and this was indicated in raising the soil base status and stabilizing soil reactions towards near-neutral conditions. Cassava mill effluents, on the other hand, exhibited more variable impacts on soil chemical characteristics.
            The observed patterns of nutrient distribution indicated that both effluents contributed to the increments in available phosphorus and other nutrients, although the magnitude and depth of nutrient enrichment varied across the diverse soil types. In most cases, nutrient concentrations were higher within the near-surface layers, with evidence of downward movement in some treatments, particularly that of phosphorus in cassava mill effluents treated soils. The control soil generally had reduced nutrient levels, although localized exceptions were observed for a few of the physicochemical parameters. This indicated that inherent soil variability also impacted soil nutrient status. Physical soil properties were also positively impacted by agro-effluent application. The treated soils generally had lower bulk density, higher values of total porosity, improved saturated hydraulic conductivity, and higher moisture content retention in comparison with control soils. This indicated that physical soil structure in treatment soils improved as a result of organic matter resulting from effluent accumulation.  
Overall, these findings indicate that POME and CME influenced both the chemical and physical quality of tropical soils, with POME producing stronger soil fertility indicators. This research has therefore demonstrated that the treatment of humid tropical soils having parent materials with agro-industrial wastes improves multi-nutrient availability within the organic waste-amended soils, particularly in acidic tropical environments where nutrient dynamics are complex.
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POME	pH (1:2.5 H2O)	Electrical Conductivity (dS/m)	Organic Carbon (g/kg)	Total Nitrogen (g/kg)	Available Phosphorus (mg/kg)	Exchangeable Acidity	Calcium (cmol/kg)	Magnesium (cmol/kg)	Sodium (cmol/kg)	Potassium (cmol/kg)	ECEC (cmol/kg)	Base Saturation (%)	5.2	0.27200000000000002	5.4	2.3299999999999987	29.330000000000005	1.06	10.8	3.6	0.34700000000000047	1.7020000000000011	17.510000000000005	93.940000000000026	CME	pH (1:2.5 H2O)	Electrical Conductivity (dS/m)	Organic Carbon (g/kg)	Total Nitrogen (g/kg)	Available Phosphorus (mg/kg)	Exchangeable Acidity	Calcium (cmol/kg)	Magnesium (cmol/kg)	Sodium (cmol/kg)	Potassium (cmol/kg)	ECEC (cmol/kg)	Base Saturation (%)	6.5	0.79500000000000004	3.65	1.58	41.33	2	18.399999999999999	3.07	0.43200000000000038	0.17400000000000004	24.08	91.69	
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