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ABSTRACT 

	Introduction: Pesticide application modulates agro-soil bacterial richness and physicochemical properties, underpinning ecosystem function and sustainability. 
Aim: Study investigated bacterial richness and physicochemical parameters of pesticide-polluted soils within the environs of Abraka, Delta State, Nigeria.
Place and Duration of Study: Department of Environmental Management and Toxicology, Federal University of Petroleum Resources, Effurun/ March 2024 - June 2024.
Methodology: Soil samples were collected from three agricultural farms to ensure representative coverage. Also, a control soil was collected a two hundred meters away from the farms. Bacterial assessment, physicochemical analyses including heavy metals and 16 priority polycyclic aromatic hydrocarbons (PAHs) were determined following standard methods. 
Results: Results revealed notable alterations in soil properties linked to pesticide use, including increased pH (6.9±0.01 – 7.5±0.00), moisture (9.97±1.31% – 11.35±2.15%), and electrical conductivity (1087±8.90 - 1310±5.30 µS/cm) alongside reductions in sulphate, nitrate, and total organic carbon in some farms. Heavy metals showed spatial variations; lead concentrations increased significantly in farms I (2.80 mg/kg) and II (2.40 mg/kg), while arsenic and mercury remained below detection limits. Chromium, copper, and zinc levels generally declined relative to control sites. Total cultivable heterotrophic bacteria were 42.0 ± 0.00 ×103 CFU/g, 59.2 ± 2.03 ×103 CFU/g, 43.5 ± 1.37 ×103 CFU/g, and 51.3 ± 2.11 ×103 CFU/g in control, Farm I, Farm II, and Farm III, respectively. Bacillus, Chryseobacterium, Klebsiella, Pseudomonas and Staphylococcus were the genera tentatively identified from soils. However, PAHs were below detectable limits (<0.0001 mg/kg) in all farms.
Conclusion: This research underscores the need for stringent management of pesticide application, robust monitoring of soil contamination, and development of sustainable remediation strategies to safeguard soil productivity and reduce health risks. Findings contribute to the understanding of contaminant dynamics in tropical agricultural systems and provide a scientific basis for policy interventions addressing agrochemical pollution in Niger-Delta.
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1. INTRODUCTION 
Pesticide usage in tropical agro-soils severely influences microbial communities, with bacterial richness serving as a critical indicator of soil wellbeing. Incorporating conventional culture-based approaches with advanced molecular techniques, such as 16S rRNA amplicon sequencing, facilitates all-inclusive profiling of bacterial diversity under pesticide stress. Recent studies validate noteworthy drops in plant-beneficial bacteria and modifications in community structure, threatening nutrient cycling and ecosystem flexibility (Khmelevtsova et al., 2024; Mishra et al., 2025; Qiu et al., 2025). Understanding these dynamics through combined methodologies is essential for guiding sustainable agricultural practices and mitigating pesticide-driven impacts in tropical agro-ecosystems. Several bacterial groups are commonly found in agro-soils under pesticide use, including both beneficial and degradative organisms. Pseudomonas species are versatile degraders of organophosphates and organochlorines (Rodríguez-Orozco et al., 2025). Also, they are plant growth-promoting rhizobacteria. Bacillus enhance nutrient cycling and degrade pesticide residues (Rodríguez-Orozco et al., 2025). Streptomyces species are known for producing antibiotics and breaking down complex agrochemicals (Du et al., 2025). Rhizobium which are nitrogen-fixing bacteria, are sensitive to pesticide stress and are crucial for legume productivity (Qui et al., 2025). Furthermore, Burkholderia species are capable of degrading xenobiotics and contributing to soil resilience (Rodríguez-Orozco et al., 2025). Azotobacter are free-living nitrogen fixers that support soil fertility but often decline under heavy pesticide use. Enterobacter strains degrade pesticides, though others may become opportunistic under stress. These organisms are important in nutrient cycling, nitrogen fixation, plant growth promotion, breakdown of harmful pesticide residues, reducing toxicity (Mishra et al., 2025; Qui et al., 2025; Rodríguez-Orozco et al., 2025). Pesticide stress often reduces abundance of these beneficial taxa, threatening soil fertility and crop yields.
Heavy metals (HMs) and polycyclic aromatic hydrocarbons (PAHs) in pesticide-contaminated soil pose significant environmental and health risks. The contamination of HMs and PAHs predominantly arises from five key sources: industrial activities (Wu et al., 2025) including metal smelting, chemical manufacturing and petroleum refining; agricultural practices such as irrigation and fertilization; urban sewage and solid waste management (Nurzhan et al., 2025); transportation and coal combustion. Studies have shown that the interaction between these pollutants can lead to complex contamination, affecting soil microorganisms, soil quality, plant growth, and human health. 
Heavy metals and PAHs can persist in soil, leading to long-term pollution and potential uptake by plants. Exposure to these pollutants has been linked to various health problems, including cancer, neurological damage, and reproductive issues. Agricultural production today heavily depends on synthetic chemicals, including fertilizers and pesticides, to maximize yields and sustain productivity. Pesticides, especially herbicides, are essential in controlling weeds, pests, and diseases, thus helping to ensure food security by protecting crop health (Parven et al., 2024). 
Among these pesticides, herbicides are the most widely applied, with an estimated 1.2 million tons used worldwide in 2018 alone. The presence of heavy metals and PAHs in soil can disrupt ecosystems, affecting microbial activity, plant growth, and wildlife habitats. Part of a pesticide application usually reaches the soil, even if sprayed on the growing crop, and so may have an effect on organisms living in the soil. Therefore, it is important to study the possible effects of specific practices on soil properties. Such possibilities are of particular concern where pesticides are applied at high rates, repeatedly, over many years, as occurs in crops such as maize and cotton which often receive multiple applications of several pesticides during a single growing season (Schlappi et al., 2020). 
Correspondingly, the interaction between heavy metals and PAHs can lead to synergistic or antagonistic effects, increasing the risk of contamination. The process through which HMs and PAHs enter crops can be understood through two primary mechanisms, with HMs and PAHs acting as initiating factors. When PAHs serve as the dominant factor, their hydrophobic nature allows them to passively penetrate plant root cell membranes without the need for carriers (López de Alda et al., 2020). Additionally, PAHs can facilitate the entry of HMs into plant root cells by modulating cell membrane fluidity and affecting ion regulation (Isha, 2022).
Over time, these disruptions may compromise soil resilience, nutrient availability, and crop productivity, with lasting effects on ecosystem health. Comprehensive remediation strategies are needed to address the complex contamination of heavy metals and PAHs in pesticide-contaminated soil. There is little or no information on heavy metals and polycyclic aromatic hydrocarbons contamination from large scale farms in Abraka with history of pesticides use, hence this research. 


2. material and methods 
2.1 Study area
The study was conducted in the environs of Abraka, Delta State, Nigeria, focusing on pesticide contaminated agriculture farms soil. Soil samples were collected from different locations in Abraka, Delta State, with coordinates of 5°47'57.15816 N latitude and 6°7'21.77148"E longitude (Farm I), 5°48'13.6548" N latitude and 6°7'24.15648" E longitude (Farm II), 5°48'14.00184" N latitude and 6°7'29.78904"E longitude (Farm III). This geographical spread ensured a comprehensive analysis of the bacterial and quality of agricultural farming soils within the study area.
2.2 Sample collection
Soil samples were collected from agricultural farms with pesticides usage in Abraka, Delta State. Debris were removed from the topsoil, and an auger was inserted to a depth of 15cm. The collected samples were then placed in a sterile bag and tightly sealed to preserve them for transport to the laboratory in a cooler containing icepacks at 40C.
2.3 Soil physicochemical analysis
The physicochemical analysis of the samples were done in the following the American Public Health Association (APHA 2022) protocol. Soil samples were collected in sterilized containers, ensuring no contamination during the process. The samples were appropriately labeled with date, location, and any other relevant identifiers. Samples were transported in coolers with cold packs to maintain their integrity and delivered to the laboratory promptly to prevent degradation. 
The analysis of the soil involved several methods to measure different properties. First, the pH of the soil was measured by calibrating a pH meter with standard buffer solutions (pH 4, 7, and 10), then mixing approximately 10 grams of soil with 25 mL of deionized water and stirring for 30 minutes. The pH probe was inserted into the suspension, and the pH value was recorded after rinsing the probe with distilled water. Temperature was measured using a digital thermometer, inserted into the soil sample, and left to stabilize before recording the temperature. Sulphate content was determined using the turbid metric method, where 5 grams of soil were mixed with 50 mL of distilled water, filtered, and treated with a conditioning reagent and barium chloride, followed by turbidity measurement with a spectrophotometer to calculate the sulphate concentration based on a calibration curve. Nitrate levels were analyzed via UV-Vis spectrophotometry by extracting nitrates from 10 grams of soil in 50 mL of distilled water, filtering the extract, adding a cadmium reduction reagent, and measuring the absorbance at 540 nm, with concentration determined by comparison to a calibration curve. Electrical conductivity (EC) was measured by mixing 10 grams of soil with 50 mL of deionized water, stirring, and allowing it to stand for 30 minutes, after which the conductivity probe was inserted, and the reading was recorded in µS/cm following calibration of the meter using standard solutions. Moisture content was assessed through the gravimetric method, where a fresh soil sample was weighed, dried in an oven at 105°C for 24 hours, and reweighed, with the moisture content calculated as a percentage. Cation Exchange Capacity (CEC) was determined by saturating the soil sample with a 1M ammonium acetate solution at pH 7, displacing ammonium ions with sodium chloride, and measuring the displaced ammonium concentration with a spectrophotometer, from which CEC was calculated. Finally, total organic carbon (TOC) was measured using the Walkley-Black method, where the soil was digested with potassium dichromate and sulfuric acid, titrated with ferrous ammonium sulfate, and the TOC quantified by comparison to a standard curve based on the titration data.
2.4 Heavy metal analysis
Heavy metal analysis was done following the American Society for Testing Materials (ASTM) methods. Acid digestion of the soil samples was conducted prior to analysis. 5g of each section of a sample was accurately weighed and transferred into a boiling tube. Aqua Regia preparation was made by adding the ratio of 3:1 conc. hydrochloric acid and conc. nitric acid. Fifteen milliliters (15ml) of the aqua Regia was then added into the boiling tube containing the measured samples and set to heat for 1 hour in the fume cupboard. 
After heating, the mixture was allowed to cool and then filtered into a 50ml volumetric flask and filled up to mark with distilled water. The concentration of each metal in the samples obtained after digestion was determined using Atomic Absorption Spectrophotometer (AAS). These were carried out using PG instrument AAS (Model: AA500PCF). Prior to the analysis, calibration was done with each metal’s standard of known concentrations. Concentration of each metal was ascertained from the data generated by the AAS and expressed in mg/kg.
2.5 Polycyclic Aromatic Hydrocarbons Analysis
Soil samples were extracted according to USEPA 3550C using the ultrasonic extraction method (USEPA, 1996). 10g of the sample were extracted with dichloromethane. The extract were concentrated and 1µl of the sample extract were injected and analyzed using Agilent GC 7890A/MS 5975C Inert XL EI/CI MSD with Triple Axis Detector according to USEPA 8270.
2.6 Microbial Enumeration and Isolation 
The total colony forming units (CFU) counts of total heterotrophic bacteria was quantified by plating serial decimal dilutions (10-3 and 10-4) of soil samples diluted in sterile distilled water (1% (w/v)) on plate count agar and MacConkey agar, then incubated for 24 hours at 300C, as previously described by Ataikiru and Okorhi (2022). The isolation of total heterotrophic bacteria (THB) was done by the spread plate method on nutrient agar. Discrete colony forming units were picked and sub-cultured onto nutrient agar (NA) for further purification. Purification was done by streaking twice and transferred onto agar slant for storage, and identified with the biochemical tests described in Bergey’s Manual for Determinative Bacteriology (Holt et al., 1994). 
Furthermore, the characterization and identification of the different bacterial isolates were performed using the Analytical Profile Index (API 20E & API 50CH) (Biomerieux, France) test strips (Ataikiru et al., 2020). The test was conducted, employing the manufacturer’s instructions at the Department of Biotechnology, Federal Institute of Industrial Research Oshodi (FIIRO), Lagos, Nigeria. Results were read and interpreted afterwards via the API catalog or apiweb: https://apiweb.biomerieux.com.
The various API 20E tests are; Orthro-Nitrophenyl-beta-DGalactoPyranosidase (ONPG), Arginine DiHydrolase (ADH), Lysine DeCarboxylase (LDC), Ornithine DeCarboxylase (ODC), Citrate (CIT), Hydrogen sulphide Production (H2S), Urease (URE), Tryptophan DeAminase (TDA), Indole production (IND), Voges Proskauer (VP), Gelatinase (GEL), Dglucose (GLU), D-mannitol (MAN), Inositol (INO), D-Sorbitol (SOR), L-Rhamnose (RHA), Saccharose (D-Sucrose) (SAC), D-melibiose (MEL), Amygdalin (AMY), L-Arabinose (ARA), CytochromeOxidase (OX), Motility (MOB), MacConkey medium (McC), Fermentation – under mineral oil (OF-F) and Oxidation – exposed to the air (OF-O).
The following are the tests in API 50CH; Glycerol (GLY), ERY Erythritol (ERY), D-Arabinose (DARA), L-Arabinose (LARA), D-Ribose (RIB), D-Xylose (DXYL), L-Xylose (LXYL), D-Adonitol (ADO), Methyl-ß-D-xylopyranoside (MDX), D-Galactose (GAL), D-Glucose (GLU), D-Fructose (FRU), D-Mannose (MNE), L-Sorbose (SBE), L-Rhamnose (RHA) Dulcitol (DUL), Inositol (INO), D-Mannitol (MAN), D-Sorbitol (SOR), Methyl-α-D-mannopyranoside  (MDM), Methyl-α-D-glucopyranoside (MDG), N-Acetylglucosamine (NAG), Amygdalin (AMY), Arbutin (ARB), Esculin, Ferric citrate (ESC), Salicin (SAL), D-Cellobiose  (CEL), D-Maltose (MAL), D-Lactose (bovine origin) (LAC), D-Melibiose (MEL), D-Saccharose (sucrose) (SAC), D-Trehalose (TRE), Inulin (INU), D-Melezitose (MLZ), D-Raffinose (RAF), Starch (amidon) (AMD), Glycogen (GLYG),  Xylitol (XLT), Gentiobiose (GEN), D-Turanose  (TUR), D-Lyxose (LYX), D-Tagatose (TAG), D-Fucose (DFUC), L-Fucose (LFUC), D-Arabitol (DARL), LARL L-Arabitol (LARL), Potassium gluconate (GNT), Potassium 2-ketogluconate (2KG), Potassium 5-ketogluconate (5KG).


3. results and discussion

3.1 Physicochemical characteristics of soils
[bookmark: _Hlk202882863]The presence of pesticide residues significantly affected soil properties by altering the physicochemical properties of the various farms as shown in Table 1. There were significant increases in pH (7.10 ± 0.10, 7.50 ± 0.00 and 6.9 ± 0.01) as well as moisture content (9.97 ± 1.09%, 11.35 ± 2.15% and 11.095 ± 2.41%) in farms I, II and III, respectively. Values for electrical conductivity were 1087 ± 8.90 µS/cm, 1100 ± 7.91 µS/cm, 1310 ± 5.30 µS/cm, while sulfates were 1.10 ± 0.31 mg/kg, 1.28 ± 0.04 mg/kg, 4.20 ± 0.05 mg/kg in farm I, farm II and farm III. Nitrate values were 11.83 ± 1.97 mg/kg (farm I), 9.14 ± 2.08 mg/kg (farm II), and 15.0 ± 2.17 mg/kg (farm III). Total organic carbon were low in farms I (1.64 ± 0.02%) and II (1.68 ± 0.13%) while it was slightly higher in farm III (1.71 ± 0.03%). Nitrates, sulfates, moisture, electrical conductivity and TOC values were 14.55 ± 3.03 mg/kg, 5.08 ± 0.90 mg/kg, 8.94 ± 1.31%, 650 ± 3.07 µS/cm and 1.68 ± 0.01% in the control soil. 

Table 1. Physicochemical properties of the different agricultural farm soils (Mean ± SD,           n=3)
	Parameter
	Control
	Farm I
	Farm II
	Farm III

	pH
	6.7 ± 0.13ᵃ
	7.1 ± 0.10ᵇ
	7.5 ± 0.00ᶜ
	6.9 ± 0.01ᵃᵇ

	Temperature (°C)
	25.00 ± 0.00ᵃ
	25.00 ± 0.00ᵃ
	25.00 ± 0.00ᵃ
	25.00 ± 0.00ᵃ

	Sulphate (mg/kg)
	5.08 ± 0.90ᵃ
	1.10 ± 0.31ᵇ
	1.28 ± 0.04ᵇ
	4.20 ± 0.05ᵃ

	Nitrate (mg/kg)
	14.55 ± 3.03ᵃ
	11.88 ± 1.97ᵇ
	9.14 ± 2.08ᶜ
	15.00 ± 2.17ᵃ

	Electrical conductivity (µS/cm)
	650.00 ± 5.07ᵃ
	1087 ± 8.90ᵇ
	1100 ± 7.91ᵇ
	1310 ± 5.30ᶜ

	Moisture content (%)
	8.94 ± 1.31ᵃ
	9.97 ± 1.09ᵇ
	11.35 ± 2.15ᶜ
	11.09 ± 2.41ᶜ

	Cation exchange capacity, (meq/100g)
	1.09 ± 0.10ᵃ
	1.71 ± 0.04ᵇ
	1.78 ± 0.06ᵇ
	1.84 ± 0.03ᵇ

	Total organic carbon (%)
	1.68 ± 0.01ᵃᵇ
	1.64 ± 0.02ᵃ
	1.68 ± 0.13ᵃᵇ
	1.71 ± 0.03ᵇ


*Superscripts (ᵃ, ᵇ, ᶜ) denote statistical groupings based on Tukey’s HSD post-hoc test (p < 0.05). Values sharing the same superscript are not significantly different and values with different superscripts are significantly different
3.2 Heavy metals in pesticide contaminated soil
Figure 1 shows the concentration of the different heavy metals present in the different farm soils. Lead levels showed significant variability, with farm I (2.80 mg/kg) and farm II (2.40 mg/kg) while it was notably lower in farm III (0.80 mg/kg). Arsenic (<0.001) and mercury (<0.001) remained undetectable in all farm soil samples. Also, Chromium (7.00 mg/kg, 3.67 mg/kg and 4.66 mg/kg), copper (1.25 mg/kg, 1.03 mg/kg and 1.05 mg/kg) and zinc (5.83 mg/kg, 4.43 mg/kg and 3.86 mg/kg) were significantly low in farm I, farm II and farm III, respectively. Zinc was present in relatively higher concentrations compared to other metals, with values ranging from 3.86 mg/kg (farm III) to 6.28mg/kg (control soil). Cobalt values in the different farm soils were 1.98 mg/kg (farm I), 1.64 mg/kg (farm II) and 1.89 mg/kg (farm III). Cadmium concentrations ranged from 0.02 mg/kg (farm I) to 0.24 mg/kg (farm II). However, chromium recorded the highest level across control (8.33 mg/kg), farm I (7.0 mg/kg) and farm II (4.66 mg/kg).

Figure 1. Heavy metals concentrations across various farms

3.3 Determination of PAHs in pesticide contaminated soil
Laboratory investigations revealed that polycyclic aromatic hydrocarbons (PAHs) across multiple samples were below detection limits as shown in Table 2. 

Table 2. PAHs in pesticide contaminated soil
	Target compounds (ppb)
	Control
	Farm I
	Farm II                         
	Farm III

	Naphthalene
	0.000
	0.000
	0.000
	0.000

	Acenaphthylene
	0.000
	0.000
	0.000
	0.000

	Acenaphthene
	0.000
	0.000
	0.000
	0.000

	Fluorene
	0.000
	0.000
	0.000
	0.000

	Anthracene
	0.000
	0.000
	0.000
	0.000

	Phenanthrene
	0.000
	0.000
	0.000
	0.000

	O-Terphenyl
	0.000
	0.000
	0.000
	0.000

	Fluoranthene
	0.000
	0.000
	0.000
	0.000

	Pyrene
	0.000
	0.000
	0.000
	0.000

	Benzo(a)anthracene
	0.000
	0.000
	0.000
	0.000

	Chryene
	0.000
	0.000
	0.000
	0.000

	Benzo(b)fluoranthene
	0.000
	0.000
	0.000
	0.000

	Benzo(k)fluoranthene
	0.000
	0.000
	0.000
	0.000

	Benzo(a)pyrene
	0.000
	0.000
	0.000
	0.000

	Indeno (1,2,3-cd) pyrene
	0.000
	0.000
	0.000
	0.000

	Dibenz(a,h)anthracene
	0.000
	0.000
	0.000
	0.000

	Benzo (g,h,i) perylene
	0.000
	0.000
	0.000
	0.000



3.4 Microbial counts (CFU/g)
Bacterial counts and isolates identified are presented on Tables 3, 4, 5, 6 and 7. Results showed the soils had high bacterial counts with low diversity. Bacterial counts were highest in farm 1 (59.2 ± 2.03 ×103 CFU/g) followed by farm III (51.3 ± 2.11 ×103 CFU/g) while the control (42.0 ± 0.00 ×103 CFU/g) had the least counts (Table 3). Klebsiella, Bacillus, Chryseo bacterium, Pseudomonas and Staphylococcus were the genera identified (Tables 4, 5 and 6). On the other hand, the control soil had the highest bacterial diversity (species of Klebsiella, Bacillus and Staphylococcus) as shown on Table 7.
Table 3. Microbial counts from farm soils (Mean ± Standard deviation CFU/g)
	Sample code
	PCA × 103
	MAC × 103
	PCA × 104
	MAC × 104

	Control
	42.0 ± 0.00
	TFTC
	TFTC
	TFTC

	Farm I
	59.2 ± 2.03
	TFTC
	32.5 ± 1.15
	TFTC

	Farm II
	43.5 ± 1.37
	37.6 ± 0.05
	35.2 ± 2.02
	TFTC

	Farm III
	51.3 ± 2.11
	TFTC
	TFTC
	TFTC


Note: MAC: MacConkey agar, PCA: Plate count agar, TFTC: too few to count

Table 4. Tentative identification of bacterial isolates from farms
	Isolate
	Gram 
Staining
	Catalase
	Coagulase 
	Citrate
utilization 
	Indole
	Oxidase
	Urease
	Gas
	H2S
	Glucose 
	Lactose 
	Sucrose

	Staphylococcus spp
	GPC
	+ve
	+ve
	-ve
	-ve
	-ve
	+ve
	-ve
	-ve
	+ve
	+ve
	+ve

	Chryseobacterium spp
	GNB
	+ve
	-ve
	+ve
	-ve
	+ve
	-ve
	-ve
	-ve
	-ve
	-ve
	-ve

	Klebsiella spp
	GNB 
	+ve
	-ve
	-ve
	+ve
	-ve
	+ve
	+ve
	-ve
	+ve 
	+ve
	+ve

	Bacillus spp
	GPB
	+ve
	-ve
	+ve
	-ve
	+ve
	-ve
	-ve
	-ve
	+ve
	-ve
	+ve

	Klebsiella spp
	GNB
	+ve
	-ve
	+ve
	-ve
	-ve
	+ve
	+ve
	-ve
	+ve
	+ve
	+ve

	Pseudomonas 
spp.
	GNB
	+ve
	-ve
	+ve
	-ve
	+ve
	-ve
	-ve
	-ve
	-ve
	-ve
	-ve


Note: H2S: hydrogen sulphide, GNB: Gram negative bacillus, GNC: Gram positive cocci, +ve: positive, -ve: negative
Table 5: Identification of bacterial isolates using Analytical Profile Index (API 50CH) test
	Isolate ID
	GLY
	DARA
	LARA
	GAL
	GLU
	FRU
	SOR
	RHA 
	MNE
	DUL
	CEL
	ESC
	MAN 
	INO 
	LAC
	TRE
	SAC 
	MEL 
	MAL
	MDG
	NAG
	MDX
	SBE
	RIB 
	DXYL
	LXYL
	ADO
	 %  API similarity identity
	Tentative Identity of Organisms

	B1
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	-
	+
	99.0
	Bacillus subtilis 

	B2
	+
	-
	-
	+
	+
	+
	-
	-
	+
	-
	+
	+
	+
	-
	-
	+
	+
	-
	+
	+
	+
	+
	-
	+
	+
	+
	-
	95.1
	Staphylococcus aureus



Table 6: Identification of bacterial isolates using Analytical Profile Index (API 20E) test
	Isolate ID
	ONPG 
	ADH
	LDC
	ODC
	CIT 
	H2S 
	URE 
	TDA 
	IND 
	VP 
	GEL
	GLU
	MAN 
	INO 
	SOR 
	RHA 
	SAC 
	MEL 
	AMY 
	ARA 
	OX
	NO2 
	N2 
	MOB 
	OF-O 
	OF-F 
	 %  API similarity identity
	Identity of Organisms

	B3
	+
	-
	+
	-
	+
	-
	+
	+
	+
	+
	-
	+
	+
	+
	+
	+
	+
	+
	-
	+
	-
	+
	-
	-
	-
	0
	82.5
	Klebsiella species

	B4
	-
	+
	-
	-
	+
	-
	-
	+
	-
	-
	+
	-
	+
	-
	-
	-
	-
	+
	+
	-
	+
	+
	+
	+
	+
	+
	97.8
	Pseudomonas aeruginosa

	B5
	+
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	+
	-
	-
	-
	-
	-
	+
	-
	+
	+
	-
	-
	-
	+
	+
	98.0
	Chryseobacterium species

	B6
	+
	-
	+
	-
	+
	-
	+
	-
	-
	+
	-
	+
	+
	+
	+
	+
	+
	+
	+
	+
	-
	+
	+
	-
	-
	+
	99.1
	Klebsiella pnuemoniae



Table 7. Bacterial isolates present in the different farms 
	Sample Code
	Tentatively identified organisms 

	Control
	Klebsiella species
Bacillus species
Staphylococcus species
Pseudomonas species

	Farm I
	Staphylococcus species
Pseudomonas species

	Farm II
	Chryseobacterium species
Klebsiella pneumoniae
Pseudomonas species

	Farm III
	Bacillus species
Klebsiella species
Pseudomonas species



3.5 Statistical Analysis
To assess differences in bacterial counts (PCA × 10³) across farms and the control, a one-way ANOVA was conducted as shown in Table 8. Replicate values (n = 3) were used to calculate means and standard deviations. The analysis revealed a statistically significant effect of farm source on bacterial counts, F(3, 8) = 60.83, p < .001, η² = .95, indicating that 95% of the variance in counts was explained by farm differences.

Table 8. Independent-samples t-tests were performed between the control and each              farm
	Comparison
	Mean Difference
	t(df)
	p-value
	Cohen’s d
	Interpretation

	Control vs Farm I
	+17.2
	4.48(4)
	.011
	2.24
	Significant 

	Control vs Farm II
	+1.5
	2.29(4)
	.066
	1.14
	Not significant

	Control vs Farm III
	+9.3
	5.12(4)
	.006
	2.56
	Significant 




Discussion
Soil pH values were within the neutral range 6.9 ± 0.01 - 7.5 ± 0.00, while temperature stayed constant at 25.0°C across all samples. The pH values were within the same range for all soil samples, this indicated that the pesticides had no effects on the tested soils relative to the control and this may be due to the nature of the soil in Abraka, Delta state. According to Khaled and Sayed (2023), most farmyard soils have pH between 5.5 and 8.0 but under different agricultural practices, soils’ pH values may increase or reduce. The solubility of soil macronutrients, micronutrients or essential trace elements are influenced by soil pH (García-Galán et al., 2020; Afata et al., 2024).
Sulfate content was significantly low in farm I (1.10 ± 0.31 mg/kg) and in farm II (1.28 ± 0.04 mg/kg) although, there was a slight increased concentration in farm III (4.20 ± 0.05 mg/kg). Nitrates was suggestively low in farm II (9.14 ± 2.08 mg/kg) and farm I (11.83 ± 1.97 mg/kg) before observing an increased value in farm III (15.0 ± 2.17 mg/kg). The present day study has shown that pesticides had effect on the sulphates content of the soil relative to the control probably, as a result of their sustained use on the soil (Tudararo-Aherobo and Ataikiru, 2020). 
Cation exchange capacity (CEC) values were high in farm I (1.71 ± 0.04 meq/100g), farm II (1.71 ± 0.06 meq/100g), and farm III (1.84 ± 0.03 meq/100g). This was an indication that the herbicides had no effect on the cation exchange capacity when compared to the control which may be attributed to the long exposure of pesticides on the tested soils. In addition, it could be traceable to high organic matter on the soil surface leading to high cation exchange capacity. Corresponding results have been reported by other researchers (Ghosh et al., 2022). Total organic carbon increased in farm III (1.71± 0.03%) and reduced (1.68 ± 0.13%) in farm II while there was no observable change in farm I. There are reports that the concentration of herbicides present in the soil depends on the carbon content of such environments. According to Tudararo-Aherobo and Ataikiru (2020), the higher the soil carbon content the lower the concentration of herbicide in the soil. This is presumably due to vigorous microbial activity. Furthermore, the fate of herbicides is greatly affected by the presence of soil organic matter by aiding their disappearance.

Lead levels showed significant variability, with farm I (2.80 mg/kg) and farm II (2.40 mg/kg) notably higher than farm III (0.80 mg/kg). Lead affects soil enzyme activities; decrease urease, catalase, invertase, and acid phosphatase activity. It interferes with water balance, enzyme activity and mineral nutrition. Furthermore, it leads to shortage of soil phosphorus, irregularities in the metabolic function of soil organisms and reduces soil productivity (Bakshi et al., 2018; Somani et al., 2019)
According to Tang et al. (2017), it leads to changes in plant metabolism, morpho-physiological characteristics, plant growth, and productivity. Lead causes defect of cellular structure, reduced chlorophyll biosynthesis besides imbalanced hormones. It initiates over-production of reactive oxygen species (ROS); which might cause oxidative stress inside plant cells, freely affecting the biological structures besides biomolecules, hence leading to metabolic irregularities. Lead disrupts the germination of seeds by slowly decelerating the seed germination process (Nyiramigisha et al., 2021).
Chromium values were high in soils especially in a farms 1 and 3, although the highest value was observed in the control soil. Chromium has been reported to alter microbial populations, decrease enzymatic activity, besides interference with nutrient availability. These pollution scenarios lead to reduced agricultural output, soil depletion, and persistent ecological disruption (Xu et al., 2023; Zulﬁqar et al., 2023; Wang et al., 2024). 
Copper was present in soil at appreciable concentrations. This is in agreement with Chen et al. (2020), they reported that such can be traceable to copper-containing pesticide usage or urban storm water inputs. Different researchers have reported that copper can reduce the availability of soil nitrogen and sulphur for crop production, decrease the microbial biomass nitrogen and inhibit the activity of β-glycosidase more than the action of cellulose (Bakshi et al., 2018; Nyiramigisha et al., 2021).
Arsenic and mercury remained undetectable. All samples showed arsenic concentrations below the detection limit (<0.001 mg/kg), suggesting no immediate concern. Arsenic is a toxic metalloid with both natural and anthropogenic sources, such as mining and wood preservatives (Patel et al., 2023). Mercury was not detected in any of the samples (<0.001 mg/kg), which is a positive indicator, as mercury is one of the most toxic metals even at low concentrations. Its sources include coal combustion, industrial effluents, and medical waste incineration (Naik et al., 2025). It leads to deviations in the metabolic role of microorganisms (Akanchise et al., 2020). 
Zinc concentrations were considerably high. This is in disagreement with Gao (2019), they stated that the detected low levels of zinc suggest minimal environmental concern, though elevated zinc may still affect soil microbial activity. Zinc at high concentration is phytotoxic and can directly upset soil productivity thereby affecting crop yield (Borah et al., 2020).  Bakshi et al. (2018) reported that it affects the growth of pea plants. Also, it decreases the microbial biomass nitrogen and can cause shortage of soil macronutrients like phosphorus (Nyiramigisha et al., 2021).  
Concentrations of cobalt were found in the various farms as well as the control soil. Cobalt buildup in soils already exposed to prolonged agrochemicals leads to synergistic harmfulness. It not only decreases plant biomass and yield but also obstructs microbial communities crucial in nutrient cycling. Prominent cobalt levels amplify agrochemical residues, diminishing soil health and long-term agricultural productivity (Mahey et al., 2020; Shivali and Kumar, 2024)
Cadmium concentrations ranged from 0.02 mg/kg (farm III) to 0.24 mg/kg (farm II). These findings were in corroboration with the results of Ali (2019). They reported that cadmium is highly toxic even at low levels and can bioaccumulate in plants and enter the food chain. Cadmium leads to abnormalities in the metabolic function of organisms (Akanchise et al., 2020), impairs the protease, urease, and alkaline phosphatase activity (Bakshi et al., 2018). In the same way, it reduces the availability of soil nitrogen and sulphur for crop production (Babu et al., 2024). It causes many deformities in roots, shoots, leaf, fruit, and increase dry to fresh mass ratio (DM/FM) in all organs. Furthermore, it shows deleterious effects on sugar content in addition to amino acids in certain plants by increasing their quantities, signifying inhibition of the breakdown of starch (Singh et al., 2020). It has been reported that it leads to the imbalance of macro and micronutrients through increasing macronutrients and decreasing micronutrients in Aeluropus littoralis (Bakshi et al., 2018). Cadmium results in assimilation of fewer photosynthetic carbon once it interacts with different photosynthetic complexes. Also, Cd troubles the guard cell regulation hence, upsetting the volume of water present in the plant (Singh et al., 2020). It poisons top soil thus, affecting the synthesis of phytochelatins owing to blockade of the channel for packing additional elements as well as an unevenness of plant nutrients.
Lead (Pb) and cadmium (Cd) persevere in top soils owing to their incapacity to be reduced besides their sturdy attraction to soil particles (Ali et al., 2019). They are largely immobilized via adsorption and precipitation routes. Nonetheless, ecological influences like pH as well as redox settings considerably impact their movement. In acidic soils, heavy metals turn out to be extra soluble besides bioavailable, introducing threats to plants and groundwater. Finally, excess fertilizer use intensifies the buildup of cadmium and arsenic in agricultural soils, mounting their ecological flexibility (Babu et al., 2024; Teiba et al., 2024).
Generally, the results showed that the various heavy metal contents in the different farmland soils did not exceed the International standard threshold established by World Health Organization and Food and Agriculture Organization.

Laboratory investigations revealed that polycyclic aromatic hydrocarbons (PAHs) across multiple samples were below detection limits. These PAHs included low molecular weight (LMW) compounds such as naphthalene and acenaphthene, as well as high molecular weight (HMW) compounds like benzo(a) pyrene and indeno (1,2,3-cd) pyrene. Polycyclic aromatic hydrocarbons are common pollutants associated with combustion of organic matter, petroleum spills, and industrial effluents (Ziola and Slaby, 2020). The result may suggest a low anthropogenic impact or successful environmental remediation in the sampling area. This agrees with Franklin et al. (2023), considering the urbanization and industrial growth in parts of Nigeria that often correlate with increased PAH levels.

Bacterial counts in agrochemical-polluted soils revealed significant variability across farms. Farm I exhibited the highest (59.2 ± 2.03 × 103 CFU/g) and notable growth (32.5 ± 1.15 × 10⁴ CFU/g) of total heterotrophic bacteria, suggesting selective microbial adaptation. Farm II showed balanced proliferation of total heterotrophic bacteria (43.5 ± 1.37 × 10³ CFU/g and 35.2 ± 2.02 × 10⁴ CFU/g) and enteric bacteria (37.6 ± 0.05 × 10³ CFU/g) on MacConkey agar, indicating agrochemical-driven shifts in microbial diversity. Farm III displayed moderate total heterotrophic bacterial counts (51.3 ± 2.11 × 10³ CFU/g), while the control remained stable (42.0 ± 0.00 × 10³ CFU/g). These findings align with recent reports on agrochemical impacts on soil microbiota (Afata et al., 2024; Alum, 2024; Nwankwo et al., 2025). 
Bacterial counts in agrochemical-polluted soils emphasize adaptive reactions to chemical strain. Farm I revealed the highest suggesting selective enrichment of resistant strains. Farm II demonstrated balanced rise across microbial groups signifying microbial community rearrangement in agrochemical exposure. Such adaptation reveals mechanisms like biodegradation in addition to tolerance pathways, unswerving with current outcomes on bacteriological flexibility in contaminated soils (Afata et al., 2024; Guo et al., 2024). 
The inconsistency observed emphasizes agrochemical-driven shifts in soil microbiota. The total heterotrophic bacterial counts in control was stable, underscoring the environmental influence of chemical inputs. Agrochemicals can interrupt nutrient cycling, lessen biodiversity, and modify soil wellbeing, resulting to lasting production challenges. These microbial modifications may endanger ecological unit functions like organic matter decay and nitrogen fixation, supporting the necessity for maintainable soil management practices (Qui et al., 2025).
Transformed bacterial assemblages in agrochemical-polluted soils present threats outside ecological concerns. Persistent bacteria may increase, amplifying the possibility of pathogenic species integrated into food chains. Higher counts in Farm I and III propose likely pollution pathways that may possibly compromise crop safety. Recent studies highlight that pollutant deposits besides bacterial unevenness in soils can transform into food safety fears and long-lasting health hazards for consumers as well as farmhands (Alum, 2024; Zeng et al., 2025). Resolving these concerns is critical for promoting public health and maintaining sustainable farming practices.
The bacterial isolates identified from agrochemical polluted soils exhibit distinct adaptive reactions to chemical pressure. The existence of Pseudomonas in Farms emphasizes its evidence-supported role in pesticide degradation and resistance (Shultana et al., 2025). Likewise, Chryseobacterium isolated from Farm II reveals microbial variation under pollutant exposure, conforming to outcomes of its adaptability in polluted environments (Meena et al., 2020). Resistant Klebsiella and Bacillus species across multiple farms proposes enrichment of specific microbial groups tolerant of agrochemical residues, aligning through current discoveries on microbial acclimatization in polluted soils (Karmakar et al., 2024).
Agrochemical-induced changes in bacterial communities have essential environmental outcomes. The dominance of Bacillus in Farm III highlights its function in nutrient transformation processes and biological pollutant degradation, however decreased species richness compared to the control advocates disruption of environmental equilibrium. The control soil with Klebsiella, Bacillus, Pseudomonas and Staphylococcus, presented a resilient bacterial community. Agrochemical contact seems to favour sturdy genera, possibly decreasing purposeful multiplicity and impairing ecosystem services such as organic matter decay and nitrogen fixation (Qui et al., 2025). These modifications accentuate the sustained dangers of chemical inputs on soil health and productivity.
The presence of opportunistic infectious bacteria such as Klebsiella and Staphylococcus across control and polluted soils signals the possibility of spread via trophic chains. So also, the occurrence of Pseudomonas and potential public health issues. Agrochemical pollution may well improve the persistence of resilient strains, intensifying Chryseobacterium further underscores likely infection pathways, as these genera are connected with non-susceptibility to antibiotics besides opportunistic illnesses (Zeng et al., 2025). The aforementioned bacterial alterations underline the necessity for observing agrochemical influences not merely intended for environmental sustainability nevertheless likewise for maintenance of food safety as well as overall human health status.
One-way ANOVA showed significant differences in bacterial counts among farms, F(3, 8) = 60.83, p < .001, η² = 0.95. Post-hoc t-tests revealed that Farm I (p = .011, d = 2.24) and Farm III (p = .006, d = 2.56) had significantly higher counts than the control, whereas Farm II did not differ significantly (p = .066, d = 1.14).

4. Conclusion

This study establishes significant heavy metal contamination in agricultural soils, highlighting environmental and public health threats. High concentrations of lead (Pb) and cobalt (Co) were detected in farmlands, with lead intensely associated to anthropogenic inputs from sustained pesticide and agrochemical usage. While arsenic and mercury were lacking, cadmium, a carcinogen even at low levels was detected, raising fears for soil and crop safety. Altered soil chemistry, comprising increased pH and electrical conductivity but decreased sulphate and nitrate, shows interrupted microbial processes. Pesticides polluted soils demonstrate flexible bacterial counts and selective enrichment, reflecting adaptive flexibility yet environmental imbalance. Individual bacterial adaptations, elevated heterotrophic counts, and resistant genera highlight ecological interference and pathogenic risks. Community reorganization interrupts nutrient cycling and biodiversity, intensifying food security threats. These discoveries emphasize the crucial requirement for supportable soil management to conserve ecosystem services, secure agricultural output, and guard public health.
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 Control	Cadmium (Cd)	Zinc (Zn)	Copper (Cu)	Lead (Pb)	Arsenic (As)	Chromium (Cr)	Mercury (Hg)	Cobalt (Co)	0.09	6.28	2.78	0.4	0	8.33	0	1.21	Farm I	Cadmium (Cd)	Zinc (Zn)	Copper (Cu)	Lead (Pb)	Arsenic (As)	Chromium (Cr)	Mercury (Hg)	Cobalt (Co)	0.11	5.83	1.25	2.8	0	7	0	1.98	Farm II	Cadmium (Cd)	Zinc (Zn)	Copper (Cu)	Lead (Pb)	Arsenic (As)	Chromium (Cr)	Mercury (Hg)	Cobalt (Co)	0.24	4.43	1.03	2.4	0	3.67	0	1.64	Farm III	Cadmium (Cd)	Zinc (Zn)	Copper (Cu)	Lead (Pb)	Arsenic (As)	Chromium (Cr)	Mercury (Hg)	Cobalt (Co)	0.02	3.86	1.05	0.8	0	4.66	0	1.89	Heavy metals


Concentrations (mg/kg)




