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ABSTRACT 

	Aim: this study evaluated the impact of agrochemical inputs on soil physicochemical properties, microbial dynamics, and enzymatic activities, while simultaneously assessing the ecological and human health risks of heavy metals in agricultural soils in Delta State, Nigeria. 
Duration and place of study: Department of Environmental Management and toxicology, Federal University of Petroleum Resources, Effurun/ 4 months. 
Methodology: soil samples were collected from agrochemical-polluted farm and control site. Physicochemical parameters were analyzed alongside bacteria, fungi, actinomycetes, and phosphate solubilizers’ counts. Soil health was further gauged via enzymatic assays for urease, phosphatase, and dehydrogenase activity. Ecological risks were quantified using Contamination Factors (CF), Geo-accumulation Index (Igeo), and Pollution Load Index (PLI), while human health risks were estimated using United States Environmental Protection Agency models for Non-Carcinogenic (Hazard Index, HI) and Carcinogenic Risks (CR). 
Results: the results showed that the agrochemical-polluted soil exhibited significant acidification (pH 5.75 as against 7.00 in control) and reduced moisture content, despite higher Total Organic Carbon (0.26%). Enzymatic analysis revealed a suppression of urease and phosphatase activities in farm soils, indicating impaired nitrogen and phosphorus cycling; however, dehydrogenase activity was unexpectedly higher (6.11 μTPF/kg/h contrasted with 5.06 μTPF/kg/h), suggesting a stress response by resistant microbial communities. Ecological assessments identified severe heavy metal enrichment, specifically Cadmium (CF = 1266) and Zinc (CF = 15.51), classifying the site as having "very high contamination". Health risk assessments were alarming: the Hazard Index (HI) for both adults (1825.0) and children (3443.0) far exceeded the safety threshold of 1, driven primarily by Cadmium, Lead, and Nickel. Furthermore, Carcinogenic Risk (CR) for Chromium and Cadmium surpassed the acceptable limit (1x10-4), with children exhibiting significantly higher vulnerability (CR = 0.329) compared to adults.
Conclusion: therefore, the study highlights the importance of sustainable agricultural practices to mitigate the long-term impacts of these contaminants on humans, microorganisms and the environment.
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1. INTRODUCTION 

The indiscriminate use of agrochemicals in modern agriculture has precipitated profound alterations in soil microbial dynamics, threatening the ecological balance and sustainability of agroecosystems. Soil microbial populations particularly actinomycetes, Phosphate-Solubilizing Microorganisms (PSMs), bacteria, and fungi play indispensable roles in nutrient cycling, organic matter decomposition, and plant health. Actinomycetes, known for their resilience and metabolic versatility, contribute significantly to phosphate solubilization and antibiotic production, thereby enhancing soil fertility and suppressing pathogens (Babu et al., 2025). PSMs, including certain strains of bacteria and fungi, facilitate the mobilization of insoluble phosphorus, a critical nutrient often rendered unavailable due to chemical fixation in polluted soils (Yiming et al., 2025). However, agrochemical contamination disrupts microbial equilibrium, reducing beneficial populations and impairing soil functionality. 
Soil enzymes serve as sensitive bioindicators of soil health, reflecting microbial activity and biochemical transformations in the rhizosphere. Enzymes such as dehydrogenase, phosphatase, and urease are pivotal in redox reactions, phosphorus mineralization, and nitrogen cycling, respectively (Datta et al., 2017). Dehydrogenase activity, closely linked to microbial respiration, declines markedly in chemically stressed soils, signaling reduced microbial viability. Similarly, phosphatase and urease activities are compromised under agrochemical load, undermining nutrient turnover and soil productivity (Tiwari et al., 2019). The enzymatic suppression observed in polluted soils underscores the cascading effects of agrochemical intrusion on microbial-mediated processes essential for crop growth and ecosystem resilience.
While heavy metals generally suppress microbial activity, it is important to note that certain native soil bacteria have evolved resistance mechanisms. Recent reviews highlight that bacteria in contaminated soils often develop efflux pumps and biofilm formation capabilities to survive metal stress (Samaila et al., 2025). These adaptations, while beneficial for microbial survival, can occasionally be linked to antibiotic resistance genes, creating a secondary public health risk. Furthermore, specific functional groups on microbial cell walls can passively bind metal ions, suggesting that the surviving microbial biomass itself plays a role in immobilizing free metal ions in the soil matrix.
Beyond ecological perturbations, the accumulation of heavy metals in agrochemical-polluted soils poses grave risks to human health and environmental integrity. Metals such as cadmium (Cd), lead (Pb), zinc (Zn), and copper (Cu) exhibit high persistence and toxicity, infiltrating food chains and bioaccumulating in human tissues (Liu et al., 2023). Ecological risk assessments reveal that elevated concentrations of these metals compromise soil biota, reduce biodiversity, and impair ecosystem services. Concurrently, human health risk evaluations highlight potential carcinogenic and non-carcinogenic effects, particularly in vulnerable populations exposed through contaminated crops and water sources (khatoon et al., 2025). These findings necessitate urgent remediation strategies and policy interventions to mitigate heavy metal hazards in agricultural landscapes.

2. materialS and methods
2.1 Physicochemical parameters
Soil particle size distribution, pH, moisture content (MC), electrical conductivity (EC), total organic carbon (TOC), available phosphorus (Av P), and nitrates (N) were assessed following standard procedures. The physicochemical properties of the soil were determined using standard methods. The soil particle size (Bouyoucos, 1962; Agbenin 1996), organic carbon (Walkey and Black, 1934), pH (Brady and Weil, 2005), available phosphorus (Murphy and Riley, 1972), exchangeable bases (Okalebo et al., 1993) and electrical conductivity (Mualem and Friedman, 1991) were assessed Heavy metals were assessed using inductively coupled plasma optical emission spectroscopy (ICP-OES).
2.2 Microbial abundance
The population count of microorganisms; bacteria, actinomycetes, fungi and a functional group; phosphate solubilizing microbes (PSM) were taken to observe the influence of agrochemicals on their individual populations. The counts were carried out using the nutrient agar (NA) for bacteria, Rose Bengal chloramphenicol agar for fungi, starch casein agar for actinomycetes, and Pikovskaya’s medium for phosphate solubilizing bacteria (Ataikiru et al., 2020). Serial dilution plate count method was used for enumeration of colony forming units (CFU). Microbial population counts were taken after an incubation period of 24 hours for bacteria, 48–72 hours for fungi and 96 hours for phosphate solubilizing microorganisms (PSM). 


2.3 Soil enzymes 
2.3.1. Urease 
The activity of urease was measured by the method of Zhao et al. (2023) based on the rate of urea hydrolysis in soil.
One gram of fresh soil was transferred to a 100 mL volumetric flask and treated with 1 mL of toluene to inhibit microbial proliferation and permit intracellular enzyme release. Following a 15-minute equilibration period, the samples were buffered with 10 mL of phosphate buffer (pH 7.0). Substrate addition consisted of 5 mL of a 10% (w/v) urea solution, while control samples were prepared by substituting the substrate with an equivalent volume of distilled water to account for indigenous ammonium levels. The reaction mixture was incubated at 37°C for 3 hours. Following incubation, the suspension was diluted to 100 mL with distilled water, thoroughly homogenized, and filtered through Whatman No. 5 filter paper. The concentration of released NH4+-N in the filtrate was determined using the indophenol blue method. A 0.5 mL aliquot of the soil extract was transferred to a 25 mL volumetric flask and diluted with 5 mL of distilled water. The solution was treated with 2 mL of sodium phenolate and 1.5 mL of sodium hypochlorite (5% active chlorine). After the final volume was adjusted to 25 mL, the absorbance was measured at 630 nm using a spectrophotometer. Urease activity was calculated against a standard calibration curve of ammonium nitrogen NH4+-N. Final results were corrected for moisture content and expressed as NH4+-N mg per gram dry soil per three hours.

2.3.2. Phosphatase Activity
The soil phosphatase activity was estimated employing the procedure of Gao et al. (2023). 
Five grams of air-dried soil were transferred to a 100 mL conical flask and treated with 1.5 mL of toluene to inhibit microbial respiration. After 15 minutes of equilibration, the reaction mixture was buffered with 10 mL of 0.1 M Tris-HCl (pH 7.0), followed by the addition of 5.0 mL of 0.013 M disodium phenylphosphate as the substrate. The flasks were stoppered and incubated at 37°C for 3 hours. Post-incubation, a 10 mL aliquot of the suspension was centrifuged at 3000 rpm for 20 minutes to recover the supernatant.
To quantify the released phenol, 1 mL of the supernatant was treated with 1 mL of Folin-Ciocalteu reagent (1:1 dilution) and 2 mL of 20% (w/v) Na2CO3 solution. The mixture was heated in a boiling water bath for 2 minutes, then allowed to cool at room temperature for 20 minutes. The final volume was adjusted to 10 mL, and the absorbance was recorded at 650 nm. Phosphatase activity was expressed as micrograms of phenol released per gram of soil.
2.3.3 Dehydrogenase activity
The 2-3-5-Triphenyl tetrazolium chloride (TTC) reduction procedure (Wolińska et al., 2015) was used to estimate dehydrogenase activity in soil. One gram of fresh soil was weighed into a test tube. The soil was then mixed with 0.1 g of calcium carbonate (CaC03) and 1 ml of 1 % TTC solution. The mixture was then shaken and plugged with a rubber stopper and incubated at 30° C for 24 hours in an incubator. Three replicates were prepared in each case. The resultant slurry was transferred on Whatman filter paper No.1 and extracted with successive aliquots of concentrated methanol. The volume of the filtrate was made to 50 ml by adding methanol. The optical density of the filtrate was read at 485 nm, using methanol extract as a blank. The activity was represented in terms of concentration of formazan, which was calculated by a standard curve of triphenyl formazan in methanol. Dehydrogenase activity per gram dry soil was expressed in terms of milligram formazan per gram dry soil per hour.
2.4 Ecological and human health risk assessment
Through ecological and human health risk assessment, the contamination level of heavy metals and possible risks linked to agrochemical farm soils were analyzed. The ecological risk indices used consisted of the Contamination Factor (CF), Geo-accumulation Index (Igeo), and Pollution Load Index (PLI), which measure the degree and intensity of metal enrichment compared to background levels. The CF (Equation 1) and the Igeo (Equation 2) represent the proportion between the metal concentration in the soil and the geochemical background of the well of interest, respectively, and account for natural geochemical variability. 

Where Cs is the measured concentration of metal in the soil sample, and Cb is the background or control concentration. CF values were interpreted as:
CF < 1 = low contamination,
1 ≤ CF < 3 = moderate,
3 ≤ CF < 6 = considerable,
CF ≥ 6 = very high contamination (Hakanson, 1980).

where 1.5 accounts for natural variations in the background matrix. The Igeo scale classifies soils from uncontaminated (Igeo ≤ 0) to extremely contaminated (Igeo > 5).

Where n is the number of metals analyzed, PLI> 1 indicates deterioration of soil quality due to pollution, while PLI < 1 denotes no pollution (Tomlinson et al., 1980).
PLI (Equation iii) summarizes all contamination factors to show the total pollution burden, where a value above unity indicates soil degradation. The estimation was based on human health risks using the USEPA (1989, 2011) model, which aimed to assess exposure via ingestion, dermal contact, or inhalation. 
Human Health Risk Assessment

where Cs = metal concentration (mg/kg), IR = soil ingestion rate (mg/day), EF = exposure frequency (days/year), ED = exposure duration (years), BW = body weight (kg), and AT = average time (days).
Equation iv was calculated to get the Estimated Daily Intake (EDI) to determine the magnitude of exposure in adults and children.
The Hazard Quotient (HQ) and Hazard Index (HI) were used as non-carcinogenic risk indices where any values above unity indicated a potential impact on health (Equation 5 and 6 respectively). 


Where RfD = reference dose (mg/kg/day) obtained from USEPA IRIS database, the Hazard Index (HI) was calculated as the sum of all HQs for multiple metals or exposure routes. HQ or HI > 1 implies a potential health concern.
The appropriate calculation of carcinogenic risk (CR) (Equation 7) was done on metals that have been categorized as carcinogens, with an acceptable, controversial risk in the range of 1 × 10⁶ -1 × 10⁶. This combination approach allowed us to get a complete picture of the extent of contamination and the results in relation to ecological and human health safety.

Where SF = slope factor (mg/kg/day⁻1). Acceptable CR values range between 10-6 and 10−4 (USEPA, 2011).

3. results and discussion
3.1 Physicochemical characteristics of soils used for the study
The physicochemical characteristics of the soils used for the study are presented in Table 1. The agrochemical farm soil was notably more acidic, with a pH of 5.75 ± 0.32 compared to the control at 7.00 ± 0.20. It showed higher levels of salts and cations, reflected in electrical conductivity of 237 ± 8 µS/cm as against 155 ± 4 µS/cm in the control. The agrochemical farm soil contained higher concentrations of cations at 165.36 ± 5.89 mg/kg (calcium), 45.65 ± 0.36 mg/kg (magnesium), 13.24 ± 0.13 mg/kg (sodium) and 21.60 ± 0.44 mg/kg (potassium) compared to 111.25 ± 2.23 mg/kg (calcium), 32.95 ± 1.23 mg/kg (magnesium), 10.03 ± 0.08 mg/kg (sodium), and 15.36 ± 0.23 mg/kg (potassium) in the control soil. Also, organic carbon (TOC) was higher in the agrochemical soil (0.26 ± 0.057%) compared to the control (0.17 ± 0.001%), suggesting more organic matter accumulation. However, nitrate concentrations (9.21 ± 0.56 mg/kg) were lower than the control (11.03 ± 0.014 mg/kg). Furthermore, phosphate concentration (4.67 ± 0.63 mg/kg) was lesser in the agrochemical farm soil than the control (5.68 ± 0.15 mg/kg). This may indicate nutrient depletion or leaching. Both soils share the same sandy loam texture, meaning the differences observed are chemical rather than physical.
Table 1: Physicochemical characteristics of soils used in the study
	Parameter
	Control (Mean ± SD)
	Agrochemical farm soil (Mean ± SD)

	pH
	7.000 ± 0.200
	5.750 ± 0.320

	Moisture content, %
	9.780 ± 0.810
	8.480 ± 0.050

	TOC, %
	0.170 ± 0.001
	0.260 ± 0.057

	Electrical conductivity, µS/cm
	155.000 ± 4.000
	237.000 ± 8.00

	Nitrates, mg/kg
	11.030 ± 0.014
	9.210 ± 0.560

	Av. Phosphates, mg/kg
	5.680 ± 0.150
	4.670 ± 0.630

	Calcium, mg/kg
	111.247 ± 2.225
	165.360 ± 5.890

	Magnesium, mg/kg
	32.950 ± 1.230
	45.650 ± 0.360

	Sodium, mg/kg
	10.030 ± 0.080
	13.240 ± 0.130

	Potassium, mg/kg
	15.360 ± 0.230
	21.600 ± 0.440

	Soil textural type
	Sandy loam
	Sandy loam


3.2 Microbial abundance from the soils
Results has shown that population counts in the agrochemical polluted soils were 2.45 ± 1.07 x 106 CFU/g, 2.57 ± 0.42 x 105 CFU/g, 7.69 ± 2.01 x 103 CFU/g, and 3.46 ± 0.13 x103 CFU/g while the counts were 2.24 ± 1.02 x 106 CFU/g, 1.47 ± 1.15 x 105 CFU/g, 9.23 ± 1.20 x 103 CFU/g, and 5.78 ± 1.17 x 103 CFU/g in the control soil for total culturable heterotrophic bacterial, fungal, actinomycetes, phosphate solubilizers in Table 2.
Table 2: Mean values of microbial counts on various microbiological media
	Isolates from sample
	NA (CFU/g) ± SD
	RBCA (CFU/g) ± SD
	SCA (CFU/g) ± SD
	PKA (CFU/g) ± SD

	Control 
	2.45 × 106 ± 1.07
	2.57 × 105 ± 0.42
	7.69 × 103 ± 2.01
	3.46× 103 ± 0.13

	Farm soil 
	2.24 × 106 ± 1.02
	1.47 × 105 ± 1.15
	9.23 × 103 ± 1.20
	5.78 × 103 ± 1.17


*CFU/g = colony forming unit per gram; NA = Nutrient agar; RBCA = Rose Bengal Chloramphenicol agar; SCA = Starch casein agar; PKA = Pikovaskaya agar; SD = standard deviation
3.3 Soil enzymes
The values for the different soil enzymes are as shown in Fig.1. Dehydrogenase was higher in agrochemical farm than the control soil while phosphatase and urease values were higher in the control soil. Values for dehydrogenase were 6.11 µgTPF/kg/h (farm soil) and 5.06 µgTPF/kg/h (control); phosphatase were 26.17 mgPNP/kg/h (control) and 22.14 mgPNP/kg/h (farm soil) and urease were 1.15 mgN.NH4/kg/h (control) and 0.91 mgN.NH4/kg/h (farm soil).

Figure 1: Soil enzymes concentrations in soil


3.4 Ecological and health risk assessment
Table 3 shows the ecological risk indices of the different heavy metals. Most metals showed moderate contamination factor values, but cadmium (Cd: 1266) and zinc (Zn: 15.51) were conspicuous with extremely high contamination factors, indicating severe enrichment compared to background levels. Other metals such as Ag (328.07), Al (396.15), and Ba (455.40) also showed elevated CF values, though less critical. The majority of metals had negative Igeo values (e.g., Ba: -5.36, Ca: -6.92, Mg: -7.09), suggesting they were below background concentrations and not significantly accumulated. However, Cd (9.72) and Zn (3.37) showed positive Igeo values, indicating strong to extreme pollution levels. Most metals had PLI values close to zero, reflecting negligible pollution contribution. Exceptions included Mg (0.434), Mn (0.506), Na (0.627), Ni (0.729), Pb (0.734), Se (0.868), V (0.890), and Zn (0.999), which showed moderate contributions. The mean PLI (0.276) indicated overall low pollution load, but localized risks exist. Zinc (CF: 15.51, Igeo: 3.37, PLI: 0.999) also shows significant contamination and ecological concern. Other metals generally fall within safe or low-risk ranges, with negative Igeo values and near-zero PLIs. The overall mean PLI of 0.276 suggested low cumulative pollution, but hotspots of Cd and Zn contamination demand attention.
Table 3: Ecological risk indices of heavy metals
	Metal
	CF
	Igeo
	PLI

	Ag 328.068
	1.030
	-0.542
	0.000

	Al 396.152
	0.779
	-0.945
	0.000

	As 193.696
	0.000
	-
	0.000

	Ba 455.403
	0.036
	-5.362
	0.000

	Be 234.861
	0.000
	-
	0.000

	Ca 396.847
	0.012
	-6.923
	0.000

	Cd 214.439
	1266
	9.721
	0.000

	Co 238.892
	0.000
	-
	0.000

	Cr 267.716
	0.114
	-3.716
	0.000

	Cu 327.395
	0.503
	-1.577
	0.000

	Fe 238.204
	0.078
	-4.274
	0.000

	Hg 184.887
	0.000
	-
	0.000

	K 766.491
	0.040
	-5.217
	0.000

	Mg 279.553
	0.011
	-7.094
	0.434

	Mn 257.610
	0.041
	-5.177
	0.506

	Na 588.995
	0.873
	-0.781
	0.627

	Ni 216.555
	0.030
	-5.653
	0.729

	Pb 220.353
	0.590
	-1.345
	0.734

	Se 196.026
	0.088
	-4.099
	0.868

	V 292.401
	0.063
	-4.563
	0.890

	Zn 213.857
	15.510
	3.370
	0.999

	Mean PLI
	-
	-
	0.276


CF > 6 indicates very high contamination; PLI > 1 suggests pollution load.
The estimated daily intake (EDI) of metals (mg/kg/day) is shown in Table 4. Children showed higher exposure values than adults across most metals. The largest risks were from Al (children, 5.920; adults, 1.268) and Fe (children, 5.997; adults, 1.285), followed by Ca (children, 3.135; adults, 0.672) and Cd (children, 1.687; adults, 0.362). Moderate child exposure were seen for K (children, 0.582; adults, 0.125) and Mg (children, 0.534; adults, 0.115), while other metals such as Ba (children, 0.037; adults, 0.008), Cr (children, 0.008; adults, 0.002), and Pb (children, 0.013; adults, 0.003) remained low. Several metals (As, Be, Co, Hg) showed no recorded values. Overall, children were more vulnerable, with Al, Fe, Ca, and Cd being the dominant contributors compared to adults.
Table 4: Estimated daily intake (EDI) of metals (mg/kg/day)
	Metal
	Child
	Adult

	Ag 328.068
	0.001
	0.000

	Al 396.152
	5.920
	1.268

	As 193.696
	-
	-

	Ba 455.403
	0.037
	0.008

	Be 234.861
	-
	-

	Ca 396.847
	3.135
	0.672

	Cd 214.439
	1.687
	0.362

	Co 238.892
	-
	-

	Cr 267.716
	0.008
	0.002

	Cu 327.395
	0.020
	0.004

	Fe 238.204
	5.997
	1.285

	Hg 184.887
	-
	-

	K 766.491
	0.582
	0.125

	Mg 279.553
	0.534
	0.115

	Mn 257.610
	0.236
	0.051

	Na 588.995
	0.049
	0.010

	Ni 216.555
	0.001
	0.000

	Pb 220.353
	0.013
	0.003

	Se 196.026
	0.007
	0.001

	V 292.401
	0.017
	0.004

	Zn 213.857
	0.016
	0.003


Table 5 shows the non-carcinogenic risk (HQ and HI). Again, children showed much higher hazard index (HI: 3443.060) compared to adults (HI: 1825.015), indicating greater vulnerability. Key contributors for children included Cd (3374.753 as against RfD 0.001), Pb (42.633 compared to RfD 0.000), and Se (13.653 relative to RfD 0.001), all exceeding safe thresholds. Adults showed elevated exposure mainly from Ca (1343.669, N/A RfD), K (415.681, N/A RfD), and Ba (26.314 against RfD 0.030). Generally, Cd and Pb posed the most critical risks, especially for children, while Al, Cr, Mn, and Cu were within or near reference limits.

Table 5: Non-carcinogenic risk (HQ and HI)
	Metal
	Adult
	Children
	RfD

	Ag 328.068
	-
	-
	NERfD

	Al 396.152
	-
	5.920
	1.000

	As 193.696
	-
	-
	0.000

	Ba 455.403
	26.314
	1.228
	0.030

	Be 234.861
	-
	-
	0.001

	Ca 396.847
	1343.669
	-
	N/A

	Cd 214.439
	-
	3374.753
	0.001

	Co 238.892
	-
	-
	NERfD

	Cr 267.716
	-
	2.677
	0.003

	Cu 327.395
	1.401
	0.392
	0.050

	Fe 238.204
	25.701
	-
	N/A

	Hg 184.887
	-
	-
	0.000

	K 766.491
	415.681
	-
	N/A

	Mg 279.553
	-
	-
	N/A

	Mn 257.610
	-
	1.688
	0.140

	Na 588.995
	-
	-
	N/A

	Ni 216.555
	-
	0.064
	0.020

	Pb 220.353
	0.137
	42.633
	0.000

	Se 196.026
	4.876
	13.653
	0.001

	V 292.401
	7.236
	-
	NERfD

	Zn 213.857
	-
	0.052
	0.300

	HI
	1825.015
	3443.060
	



Table 6 shows the carcinogenic risk (CR) of heavy metals. Children generally show higher carcinogenic risk than adults. The most significant contributor is Cr (0.329 in children vs. 0.071 in adults, SF = 41.000), indicating a strong carcinogenic potential. Moderate risks are observed for Na (0.041 in children, 0.009 in adults, SF = 0.840), Al (0.036 in children, 0.008 in adults, SF = 0.006), Cd (0.008 in children, 0.002 in adults, SF = 0.005), and Mg (0.025 in children, 0.005 in adults, SF = 0.046). Other metals such as Ag (0.001 in children, 0.000in adults, SF = 0.500) and Ba (0.003 in children, 0.001in adults, SF = 0.070) contributed minimally. Several metals (As, Be, Co, Hg, Pb, Se, V, Zn) showed no recorded CR values despite notable slope factors. On the whole, Cr dominated the carcinogenic risk profile, with children being more vulnerable than adults. 

Table 6: Carcinogenic Risk (CR) of Heavy Metals
	Metal
	Adult
	Children
	SF

	Ag 328.068
	0.000
	0.001
	0.500

	Al 396.152
	0.008
	0.036
	0.006

	As 193.696
	-
	-
	1.500

	Ba 455.403
	0.001
	0.003
	0.070

	Be 234.861
	-
	-
	0.015

	Ca 396.847
	-
	-
	

	Cd 214.439
	0.002
	0.008
	0.005

	Co 238.892
	-
	-
	0.010

	Cr 267.716
	0.071
	0.329
	41.000

	Cu 327.395
	-
	-
	

	Fe 238.204
	-
	-
	

	Hg 184.887
	-
	-
	0.700

	K 766.491
	-
	-
	

	Mg 279.553
	0.005
	0.025
	0.046

	Mn 257.610
	-
	-
	

	Na 588.995
	0.009
	0.041
	0.840

	Ni 216.555
	0.000
	0.000
	0.009

	Pb 220.353
	0.000
	0.000
	0.005

	Se 196.026
	-
	-
	

	V 292.401
	-
	-
	

	Zn 213.857
	-
	-
	






Discussion
The physicochemical characterization of soils is pivotal in evaluating the impact of agrochemical inputs on soil health and fertility. In this study, soils from an agrochemical-polluted farm and a control site were analyzed to assess key parameters influencing soil quality and ecological sustainability.
The agrochemical-polluted soil exhibited a significantly lower pH (5.75 ± 0.32) compared to the control (7.00 ± 0.20), indicating increased acidity likely due to prolonged application of nitrogen-based fertilizers and pesticides. Acidification can impair microbial activity and nutrient availability, ultimately affecting crop productivity. Moisture content was also reduced in the polluted soil (8.48 ± 0.05%), suggesting altered water retention capacity, possibly due to changes in organic matter and soil structure. Our results were in line with the reports of Li et al. (2024a).
Total organic carbon (TOC) was higher in the polluted soil (0.26 ± 0.057%) than in the control (0.17 ± 0.001%), which may reflect the accumulation of agrochemical residues and decaying biomass. Elevated electrical conductivity (237 ± 8.00 µS/cm) in the polluted soil further supports the presence of soluble salts and ions from fertilizers, which can lead to salinization and hinder plant growth. Our reports corroborated the findings of Zhang et al. (2023). They reported that continuous fertilizer use increased soil organic carbon, partly due to accumulation of agrochemical residues and decaying biomass. Long-term fertilizer application was shown to raise EC values, reflecting soluble salts and ions in soil.
Nitrate and phosphate levels were lower in the agrochemical soil, with nitrates at 9.21 ± 0.56 mg/kg and phosphates at 4.67 ± 0.63 mg/kg, compared to 11.03 ± 0.014 mg/kg and 5.68 ± 0.15 mg/kg in the control. This reduction may result from leaching or microbial immobilization due to chemical stress. Conversely, cation concentrations particularly calcium (165.36 ± 5.89 mg/kg), magnesium (45.65 ± 0.36 mg/kg), sodium (13.24 ± 0.13 mg/kg), and potassium (21.60 ± 0.44 mg/kg) were markedly higher in the polluted soil, reflecting nutrient enrichment from agrochemical inputs. Zhou et al. (2023) reported similar outcomes. They recounted that persistent agrochemical usage can decrease accessible nitrate and phosphate due to leaching losses as well as microbial immobilization under chemical strain, consistent with our reports.
Both soils maintained a sandy loam texture, indicating that the observed differences are primarily chemical rather than physical. However, texture can influence the mobility and retention of agrochemicals, affecting their environmental fate. 
These findings underscore the dual impact of agrochemical use: while enhancing certain nutrient levels, it simultaneously degrades soil pH, moisture, and key macronutrients. Long-term implications include reduced microbial diversity, impaired nutrient cycling, and potential contamination of groundwater.
Soil biological processes are extensively documented as delicate bio-indicators of agrochemical pollution in sub Saharan agricultural environments. In the present-day study, dehydrogenase activity was greater in agrochemical‑polluted soil (6.11 µgTPF/kg/h) compared to the control (5.06 µgTPF/kg/h), signifying boosted microbial oxidative metabolism under chemical pressure. This aligns with outcomes that dehydrogenase frequently intensifies in chemically strained soils owing to microbial acclimation and multiplying of resilient species (Attademo et al., 2021; Dayo-Olagbende et al., 2025).
On the other hand, phosphatase (26.17 in competition with 22.14 mgPNP/kg/h) and urease (1.15 against 0.91 mgN.NH4/kg/h) were reduced in farm soil compared to the control, demonstrating inhibition of enzymes mediating nutrient cycling by pesticide - derived residues. Phosphatase suppression reflects decreased microbial capability for phosphorus mineralization, even though urease repression indicates compromised nitrogen flux, in line with findings that agrochemicals is capable of interrupt biochemical routes essential for soil productivity (Solanki et al., 2024; Dayo-Olagbende et al., 2025).
The different enzyme outcomes indicate enzyme‑dependent responsiveness to farm chemical derived residues. Dehydrogenase, an indicator of the collective microbial metabolic activity, might rise as microorganisms break down exogenous compounds, while phosphatase and urease, strongly associated with soil nutrient dynamics, remain more susceptible to interference. Such alterations have been identified in soils of tropical regions wherever pesticide applications modify microbial community structure as well as functional trait diversity (Attademo et al., 2021; Solanki et al., 2024).
The environmental implication is that while microscopic respiration might continue or even increase under chemical strain, nutrient cycling routes indispensable for reasonable crop productivity remain impaired. Gradually, this unevenness may possibly decrease soil richness, intensified reliance on extra agricultural additions, which may affect agro ecosystem flexibility.
These findings underscore the necessity for combined soil maintenance approaches that decrease agricultural chemical inputs in addition to support biological substitutes to tolerate enzyme actions essential for nutrient cycling. Observing top soil enzymes offers an operational timely‑cautionary coordination for identifying environmental threats in humid farmed soils.
The ecological analysis of the study soils revealed a remarkably high cadmium (1266) and zinc (15.51) contamination factor (CF), which met the very high contamination aspect and indicated transition to heavy anthropogenic enrichment. Such pattern corresponds to the anthropogenic enrichment theory that was developed by Hakanson (1980) as cited by Ekissi et al. (2021), who believes that CF values significantly higher than the background levels are evidence of external contributions by pollution and not typical geochemical processes. The Cd and Zn dominance is similar to Enyigba and Ishiagu mining areas in southeastern Nigeria where the contamination charge was also characterized by the prevalence of cadmium and zinc (Umeri et al., 2023). Similar Cd magnitudes were observed in the agricultural ecosystems of China (Li et al., 2024b) and parts of northern India (Bhardwaj et al., 2023), verifying that the Cd and Zn contamination in the agroecosystem is an international stamp that is repeated in response to the fertilizer impurities and the acidification of the soil. The Mean Pollution Load Index (PLI) is 0.276, which is lower than unity. This implies that the contamination is not homogeneous, meaning that pollution is localized in hot spots of toxicity. This is the theory of spatial heterogeneity of soil pollution, meaning that contamination is disposed of in accordance with human activity gradients, including those near irrigation channels, storage facilities, or areas where agrochemicals wash off (Li et al., 2021).
This anthropogenic trace can be further demonstrated with the geo-accumulation index (Igeo) analysis. Cd (Igeo = 9.721) and Zn (Igeo = 3.370) suggest that the soils are extremely contaminated, which proves that the contamination was not geogenic. This can be related to the theory of threshold stress in ecology (Holling, 1973 as cited in Li et al., 2022), which suggests that ecologies can absorb stress up to a threshold, beyond which they enter a stage of irreversible degradation when this threshold is surpassed, as in the case of cadmium and zinc, the soils become deprived of buffering capacity, the balance of the microbes, and their resilience to the nutrient. Other reported similar contamination conditions have occurred in the Nile Delta (El-Taher et al., 2021) and in the phosphate-fertilized farmlands in Europe (Barreau et al., 2018). The implication of such comparisons is to highlight that the contamination pattern in this agroecosystem in Nigeria is not an isolated aberration but represents the universal process of fertilizer-induced contamination. The implication is that despite the average PLI indicating moderately healthy soil, some areas have already passed ecological recovery, necessitating specialized remediation before irreversible decrees are established.
The Estimated Daily Intake (EDI) outcomes show that there exist severe differences in human exposure to toxic substances among adults and children, reflective of the human ecological vulnerability theory. The Al (5.920 mg/kg/day), Fe (5.997 mg/kg/day), and Cd (1.687 mg/kg/day) exposures in children were significantly higher than those in adults. The high EDI in children aligns with the concept of the biokinetic susceptibility model, which suggests that children have a lower body mass and are in habitual contact with their hands to mouth, making them more vulnerable to toxicant absorption (USEPA, 2011). Scholarly works in Nigeria conducted by Eugene-Okorie et al. (2020) and Adebayo et al. (2025) indicated similar results, as children living around their industrial and agricultural facilities displayed 2-5 times more metal intake as compared to adults. Other similar results had been observed in Bangladesh and Kenya (Mia et al., 2024), which supported the idea that paediatric groups are always at a disadvantage due to agrochemical metal residues. The implication is less about toxicology and more about sociology poor environmental inequality and failing governmental control, especially in developing settings, where children are exposed to polluted soils, inadequate agrochemical regulation, and a population lacking knowledge about the dangers of pollutant transfer through food.
This is enhanced by the non-carcinogenic hazard outcomes (HQ and HI). The Hazard Index (HI) of the adults (1825.015) and children (3443.060) is way above the safety threshold of unity, and this indicates that there are various pathways of chronic toxicity. These unusually high HI levels are unlikely but similar to those found in the Nigerian mining and trash incineration areas (Iwegbue et al., 2021), agricultural soils in the Punjab region of Pakistan (Sharma et al., 2023). This is in keeping with the cumulative risk assessment theory, which argues that chemical mixtures have synergistic toxicity even though at sub-lethal levels. Among the metals detected in this study as the main risk factors, Cd, Pb, and Ni have properties that additively affect the functioning of the renal and neurological systems (Jaishankar et al., 2024). The situation, in which both adults and children exceed the non-carcinogenic limit, means not only the local environmental pressure but the current state of emergency in the population. This evidence aligns with the findings of the European Food Safety Authority (EFSA and ECDC, 2024) and the Nigerian Environmental Standards and Regulations Enforcement Agency (NESREA, 2022), which identify Cd and Pb as the most persistent non-carcinogenic risks in agro-based communities.
It results that chromium (Cr) and cadmium (Cd) are the most dangerous causal agents of the lifetime cancer risk, and CR values (as high as 0.329 in children) surpass the acceptable limit set by USEPA (1x10-4). This finding validates the dose-response and oxidative stress hypothesis of environmental toxicology, in which chronically low levels of the redox-active metals cause mutagenic damage to DNA and oxidative imbalance (Huang et al., 2021). These results are also directly connected to the outcomes of the studies of industrial-urban interface in China and India (Li et al., 2021), where the same Cr (VI) and Cd loads were identified as the cause of increased respiratory and hepatic carcinogenesis. Similar CR values were found by Okunola and Okunola (2023) in the agricultural belts adjacent to oil spill and battery recycling areas in Nigeria. Therefore, the outcomes of the current research bring the studied agroecosystem to the same international trend of chronic low-dose carcinogenic exposure of marginal agricultural areas.
There are also other implications besides the toxicological and ecological aspects of the results, which bear implications both in theory and practice. The Anthropocene environmental theory (Steffen et al., 2020) indicates that humanity has already become the overarching geologic force altering biogeochemical structures. The distribution patterns of contamination, particularly the enrichment of Cd and Zn in this case, embody the idea of the Anthropogenic Earth. The soils have ceased to be a renewable source of food and have become depositories of chemical legacies of modern agriculture, which can be viewed in the context of the so-called toxic remnants of the model established by Pandey et al. (2021). The results also correspond with the political ecology theory, which associates environmental degradation with structural inequalities and poor governance. The continued existence of high-risk values even after the issue of contamination is known is an indication of failures in regulations, lack of controlled agrochemicals imports and lack of education among farmers. The trend is related to case studies in Ghana and Indonesia where the cycles of continued exposure were supported by similar institutional lapses (Asare et al., 2024).
In the context of complex adaptation theory, contamination coupled with human exposure and inadequate institutional control is an emergent characteristic of unsustainable socio-environmental feedback processes. The large values of Cd and Pb can be used as the so-called early warning signs of system instability, which implies possible irreversible tipping points in the agroecosystem unless action is taken. The ecological and health consequences that are present here, therefore, stretch beyond the science to ethical and developmental consequences. In the philosophy of deep ecology (Naess, 1973 as cited in Quan, 2025), polluting the land people live on is a moral violation in humanity's custodianship of nature. In practice, these data necessitate the re-configuration of the cycle on mature conceptualizing towards circular economy and regenerative agriculture, in which seaweed sight, recovery of waste, and low-Cd fertilizers are at the center of the policy agenda.
Practically, the research reveals an urgent policy gap in the agricultural environmental management in Nigeria. The trend of contamination in this case is similar to that in the Enyigba mining region, Kano farmlands, and the Niger Delta floodplains- making it important to have a countrywide heavy metal monitoring system. Efforts to limit the Cd concentration in soil modifiers in Europe, including the recent initiative in France (2024-2025) to ensure these substances contain less than 20mg/kg, are marked by effective precedents that can be localized. The truth, though, remains that in most parts of Nigerian farmlands, farms continue to rely on the use of imported or untested fertilisers whose origin cannot be traced. Otherwise, the pollution currently witnessed here will continue to be an unannounced epidemic affecting health, food safety, export trust, and rural lives.
The health risk patterns observed in this study align with recent findings from other agricultural zones in Nigeria. For instance, a 2025 study of agricultural soils in Bauchi State (Samaila et al., 2025) similarly reported that cadmium (Cd) and chromium (Cr) were the primary drivers of non-carcinogenic risk, particularly for children. In that study, like in ours, the hazard quotient for children significantly exceeded that of adults, confirming that children are disproportionately vulnerable to soil ingestion pathways. Additionally, research from the Katsina region has highlighted that even when soil metal levels appear moderate, the long-term Incremental Lifetime Cancer Risk (ILCR) often exceeds safety thresholds due to bioaccumulation in food crops. This regional consistency underscores that heavy metal contamination is not an isolated farm issue but a systemic challenge in Nigerian agro-ecological zones.

4. Conclusion

This investigation provides compelling evidence that the unregulated use of agrochemicals has induced profound ecological degradation and severe public health hazards in the studied agricultural zones. The study established that agrochemical inputs significantly acidified the soil and disrupted nutrient stoichiometry. While microbial biomass showed resilience, the suppression of key enzymes like phosphatase and urease highlights a functional breakdown in nutrient mineralization processes essential for crop productivity. The soils were heavily burdened with Cadmium and Zinc, with contamination factors confirming anthropogenic enrichment rather than natural geogenic origins. This accumulation poses a risk of irreversible tipping points in the agroecosystem. The human health risk assessment reveals a critical situation. The Estimated Daily Intake (EDI) and Hazard Index (HI) values demonstrated that the local population faces chronic toxic exposure pathways, with children being disproportionately affected due to their physiological susceptibility. The carcinogenic risks associated with Chromium and Cadmium are orders of magnitude above safe limits, signaling a latent oncology crisis for the community.
Given the identified microbial resilience in these soils, future remediation strategies should focus on assisted bioremediation. Native bacterial isolates, particularly those capable of biosorption could be harnessed to stabilize cadmium and lead in situ. This approach would offer a sustainable alternative to chemical washing, preserving soil structure while mitigating the human health risks identified in this assessment. Furthermore, stricter regulatory frameworks for agrochemical imports and a transition toward regenerative agriculture are essential to prevent further toxic accumulation and safeguard food security in the region.
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