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Abstract
This study assessed the effects of Atrazine and Dichlorvos on microbial biomass carbon (MB-C), nitrogen (MB-N), phosphorus (MB-P), soil microbial populations, and snail toxicity in a controlled microcosm environment. Surface soils (0–15 cm) from pesticide-free plots at the Federal University of Petroleum Resources, Effurun, Nigeria, were collected, characterized, and exposed to manufacturer-recommended doses of Atrazine and Dichlorvos over an eight-week period. Samples from the pesticides contaminated soil as well as the unpolluted soil (control), and were assessed for their effects on organic carbon, microbial biomass carbon (MB-C), nitrogen (MB-N), phosphorus (MB-P) and snails. Also, microbial population (determined by aerobic spread plate count) of the pesticide-polluted soils was ascertained. The assessments were done weekly. The initial soil was moderately acidic (pH 6.70), with total organic carbon of 3.316%, total nitrogen of 0.3029%, and phosphate and nitrate levels at 26.32 mg/kg and 36.28 mg/kg, respectively. Microbial populations included total heterotrophic bacteria 6.30 × 10⁷ CFU/g and fungi 1.41 × 10⁵ CFU/g. Both pesticides caused an initial decline in MB-C, MB-N, and MB-P within the first two weeks. By Day 28, MB-C reached 293 µg/g, surpassing the control (273 µg/g); MB-N peaked at 18.5 µg/g (control: 17.2 µg/g); and MB-P increased to 11.4 µg/g compared to the control's 10.6 µg/g. Atrazine and Dichlorvos also affected microbial counts, with a reduction observed in phosphate-solubilizing bacteria and actinomycetes. Acute toxicity tests with Helix aspersa revealed that Dichlorvos had an LC₅₀ of 1.13 mg/kg, indicating significantly higher toxicity than Atrazine, which had an LC₅₀ of 10.04 mg/kg. The narrow mortality response range of Dichlorvos reflects its potent ecotoxicological impact on non-target soil invertebrates. The findings demonstrate the differential effects of pesticide classes on soil microbial dynamics and soil-dwelling organisms and underscore the need for ecologically safer pest management strategies.
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1.  Introduction
The intensification of agricultural activities has led to the extensive use of pesticides and herbicides, many of which persist in the environment and exert deleterious effects on non-target organisms. Among these agrochemicals, Atrazine, a triazine herbicide, and Dichlorvos, an organophosphate insecticide, are widely applied due to their effectiveness in controlling weeds and pests, respectively (Adediran et al., 2020; Tudi et al., 2021). However, their widespread usage raises ecological concerns, particularly regarding soil health and biodiversity. Soils are not only physical supports for plants but also dynamic ecosystems that host a vast diversity of microbial communities and invertebrates such as snails, which play critical roles in nutrient cycling and organic matter decomposition (Thiele-Bruhn, 2021).
Soil microorganisms contribute significantly to ecosystem functioning through processes such as organic matter mineralization, nitrogen fixation, and phosphorus solubilization. Microbial biomass carbon (MB-C), nitrogen (MB-N), and phosphorus (MB-P) are key indicators of microbial activity and soil fertility (Daunoras et al., 2024). These parameters are sensitive to environmental disturbances, including chemical contamination. Atrazine and Dichlorvos are known to interfere with enzymatic functions, cell membrane integrity, and metabolic pathways in microorganisms, leading to altered community structures and reduced microbial biomass (de Souza et al., 2022). Furthermore, terrestrial gastropods such as snails, which are integral to litter breakdown and calcium cycling, are also susceptible to the sub-lethal and lethal effects of these chemicals (Gordilla-Perez, et al., 2026).

Microcosm studies offer a controlled experimental approach for evaluating the ecological impacts of xenobiotics on soil systems. They allow for the simultaneous assessment of multiple biological endpoints, including microbial functional indices and invertebrate health, under near-natural conditions. Although several studies have examined the individual impacts of pesticides on microbial or invertebrate communities, there remains limited integrated analysis of their combined effects on microbial biomass indices and terrestrial snails within the same soil environment.
This study, therefore, investigates the effects of Atrazine and Dichlorvos, applied singly and in combination, on microbial biomass carbon, nitrogen, phosphorus, microbial populations, and the survival and activity of snails in soil using a microcosm setup. The outcomes are expected to provide insight into the ecological risks posed by agrochemical co-contamination and contribute to improved guidelines for pesticide management and soil biodiversity conservation.
2. Materials and Methods
2.1 Study Area and Soil Collection
The study was conducted at the Federal University of Petroleum Resources, Effurun, Delta State, Nigeria (7°23′N; 3°51′E; 26.7). The site lies within the tropical Niger Delta region, characterized by a humid climate with bimodal rainfall predominantly from June to September and mean annual temperatures ranging from 25.2°C to 28°C. The soils in the area are well-drained sandy loam at the surface, transitioning to loamy sand in the subsoil.
Surface soils (0–15 cm) were collected from four ecologically similar, pesticide-free locations within the study area. At each location, multiple sub-samples were composited, cleaned of debris, air-dried, and sieved through a 2 mm mesh. The pooled soil was homogenized and stored under cool conditions prior to use.
2.2 Test Chemicals and Treatment Setup
Two agrochemicals commonly used by local farmers were selected:
· Atrazine (Gesaprim 90% W.G; C₈H₁₄ClN₅): A selective systemic herbicide of the triazine class obtained from Syngenta.
· Dichlorvos (Dimethyl 2,2-dichlorovinyl phosphate – DDVP; C₄H₇Cl₂O₄P): A fast-acting organophosphate insecticide belonging to the organophosphate class, widely used for controlling household and agricultural pests.
The experiment was designed as a randomized block trial in pots (5 L capacity), each filled with 3 kg of soil. Treatments were applied at company-recommended field rates by spraying and monitored for 8 weeks. Each treatment was replicated in four blocks.
Table 1: Experimental Treatments
	Treatment Code
	Description
	Application Rate

	T0
	Control (no pesticide)
	Deionized water only

	T1
	Atrazine only
	1 mg/kg soil

	T2
	Dichlorvos only
	10 mg/kg soil


Ten random soil sub-samples (0–5 cm) were collected from each pot and composited weekly. Analyses were performed for microbial biomass indices and microbial enumeration.



2.3 Soil Physicochemical and Microbial Biomass Analyses
Soil physicochemical parameters were analyzed using standard procedures. Particle size distribution was determined by the hydrometer method (Messing, et al., 2024), while pH, electrical conductivity (EC), and moisture content were measured following APHA (2012) guidelines. Total nitrogen (TN) was analyzed using the Kjeldahl method; available phosphorus (P) by Olsen’s method; and total organic carbon (TOC) by the Walkley–Black titration method. Heavy metal concentrations (Hg, As, Cd, Pb, Ca, Mg, K, Na) were assessed by Atomic Absorption Spectrophotometry (AAS) using Method 7000B (APHA, 2012). 
Microbial biomass carbon (MB-C), nitrogen (MB-N), and phosphorus (MB-P) were determined by fumigation-extraction methods. MB-C was extracted with 0.5 M K₂SO₄ and calculated as ΔOrganic-C/𝑘ₑc (𝑘ₑc = 0.33) following (Vance et al. (1987). MB-N was estimated using the ninhydrin-reactive nitrogen method (Meira et al, 2025) and expressed as ΔNinhydrin-N/𝑘ₙᵢₙₕN (𝑘ₙᵢₙₕN = 0.20). MB-P was analyzed by the EDTA-extraction method with ³³P-labeled soil and calculated as the difference in extractable phosphorus with and without chloroform fumigation (Cade-Menun et al., 1996).
2.4	Microbial Enumeration
Table 2. Microbial abundance was estimated using viable plate count methods. A gram of soil was serially diluted and plated on:
	Microbial Group
	Medium Used

	Fungi
	Rose-Bengal chloramphenicol agar

	Total Heterotrophic Bacteria
	Plate Count Agar (PCA)

	Actinomycetes
	Starch-casein agar

	Phosphate Solubilizers
	Pikovskaya’s medium

	Nitrogen Fixers
	Ashby’s mannitolagar


Plates were incubated at appropriate temperatures and colonies counted as CFU/g of soil.
2.5 Ecotoxicological Bioassay Using Snails
A 14-day acute toxicity test was conducted in line with ISO (2006) protocols using Helix aspersa snails collected from pesticiferde-free areas. The test started with a range finding test to decide the definitive test concentrations. Homogenized and air dried soil were sieved through 2 mm mesh. Adult snails were exposed to soil mixed with different concentration of pesticides. The definitive test concentrations for Dichlorvos were 0.625, 1.25, 2.5, 5.0, 10mg/kg and 0.0625, 0.125, 0.25, 0.5, 1mg/kg for Atrazine, respectively.
Each treatment was set up in 1.2 L glass containers containing 10 snails and 5 g fresh pawpaw leaves as food. Each treatment and control had three replicates and was maintained at 28 ± 1°C.
Mortality was recorded on days 7 and 14. A snail was considered dead if unresponsive to tactile stimulation or water sprinkling for 5 minutes. LC₅₀ values were calculated using probit analysis.
2.6	Statistical Analysis
Two-way analysis of variance (ANOVA) was used to assess the interactive effects of treatment and time on MB-C, MB-N, and MB-P. Probit analysis was used to estimate LC₅₀ values from the snail bioassays. Statistical significance was set at p< 0.05.

3. Results and Discussions
3.1 Results
3.1.1 Physico-chemical and Microbial Properties of the Experimental Soil
The baseline characteristics of the unpolluted soil used for the study are presented in Table 3. The soil had a moderately acidic pH of 6.70, which falls within the optimal range for microbial activity and nutrient availability. The electrical conductivity (EC) was 144 µS/cm, indicating a non-saline condition suitable for soil biota and plant health. The total organic carbon (TOC) content was relatively high at 3.316%, supporting the presence of substantial organic matter, while the total nitrogen content measured 0.3029%, suggesting moderate fertility. Nitrate and phosphate concentrations were 36.28 mg/kg and 26.32 mg/kg, respectively, indicating the availability of essential macronutrients for microbial and plant metabolic functions. The moisture content was 19.41%, an adequate level for microbial growth and metabolic activity. Regarding the cation composition, the soil had high levels of calcium (61.83 meq/100g) and magnesium (22.15 meq/100g), which are beneficial for maintaining soil structure and microbial habitat stability. Sodium and potassium were present at 0.97 meq/100g and 1.03 meq/100g, respectively, within tolerable limits that do not impair microbial processes. 
The concentrations of heavy metals such as arsenic (0.215 mg/kg), lead (19.25 mg/kg), and cadmium (0.725 mg/kg) were present but below thresholds considered toxic for most soil organisms. Mercury was detected at <0.001 mg/kg, indicating minimal contamination. The particle size distribution revealed a predominantly sandy texture, with sand comprising 97.19%, silt 2.65%, and clay only 0.16%. Such a texture is typically associated with good drainage but lower nutrient-holding capacity, which may influence microbial persistence and pesticide mobility. Microbiologically, the soil showed high bacterial activity, with total heterotrophic bacteria counts of 6.30 × 10⁷ CFU/g, indicative of a biologically active soil. Fungal counts were recorded at 1.41 × 10⁵ CFU/g, while actinomycetes and nitrifying bacteria were present at 1.99 × 10⁴ CFU/g and 1.45 × 10⁴ CFU/g, respectively. Phosphate-solubilizing bacteria were also detected at 1.52 × 10⁴ CFU/g, supporting the soil's potential for nutrient cycling and organic matter turnover. 
Table 3: Physico-chemical and microbial characteristics of the soil used for study
	Physicochemical Parameters
	Values

	Electrical conductivity (µs/cm)
	144

	pH
	6.70

	Total organic carbon (TOC %)
	3.316

	Total nitrogen (%)
	0.3029

	Nitrates (mg/kg)
	36.28

	Phosphates (mg/kg)
	26.32

	Moisture content (%)
	19.41

	Calcium (meq/100g)
	61.83

	Magnessium (meq/100g)
	22.15

	Sodium (meq/100g)
	0.97

	Potassium (meq/100g)
	1.03

	Arsenic (mg/kg)
	0.215

	Mercury (mg/kg)
	<0.001

	Lead (mg/kg)
	19.25

	Cadmium (mg/kg)
	0.725

	Microbiological
	

	Total heterotrophic bacteria (× 107 CFU/g)
	6.30

	Fungi (× 105 CFU/g)
	1.41

	Actinomycetes (× 104 CFU/g)
	1.99

	Nitrifying bacteria (× 104 CFU/g)
	1.45

	Phosphate solubilizers (× 104 CFU/g)
	1.52

	Soil particle size distribution 
	

	Silt (%)
	2.65

	Sand (%)
	97.192

	Clay (%)
	0.158



3.1.2 Acute Toxicity of Atrazine to Snails (Helix aspersa)
The dose-response relationship between Atrazine concentration and snail mortality is presented in Figure 1. The probit curve exhibits a classic sigmoidal shape, indicating a consistent increase in mortality with increasing pesticide concentration. The x-axis represents the logarithm (base 10) of Atrazine concentration (mg/kg), while the y-axis represents the proportion of dead snails expressed as probit values. As observed, mortality was negligible at lower concentrations (e.g., 1–2 mg/kg), corresponding to probit values between 0.05 and 0.25, indicating minimal lethality. However, a sharp increase in mortality occurred between 5 and 20 mg/kg, with corresponding probit values rising rapidly from 0.3 to 0.9, showing a steep slope within this concentration range. The median lethal concentration (LC₅₀) defined as the dose causing 50% mortality of the exposed snail populationwas estimated to be 10.04 mg/kg. This point corresponds to a probit value of 0.5 on the curve, confirming the validity of the fitted model and the observed mortality trend. Beyond this concentration, further increases in Atrazine levels resulted in near-complete mortality (probit values approaching 1.0), suggesting high toxicity at higher exposure levels. These results demonstrate that Atrazine poses significant toxicological risk to terrestrial mollusks at concentrations above 10 mg/kg, underscoring its potential ecological impact in pesticide-contaminated soils.

Figure 1: Median lethal concentration (LC50) of Atrazine for snails = 10.04mg/kg
3.1.3	Acute Toxicity of Dichlorvos to Snails (Helix aspersa)
The probit regression curve for snail mortality in response to Dichlorvos exposure is shown in Figure 2. The graph depicts a steep sigmoidal relationship between the logarithm of Dichlorvosconcentration (x-axis) and the corresponding probit-transformed mortality response (y-axis). The steepness of the curve suggests a narrow range of concentrations separating non-lethal from lethal doses. At concentrations below 1 mg/kg, mortality was low (probit values < 0.3), indicating relatively limited acute toxicity at lower exposures. However, mortality increased sharply between 1 and 2 mg/kg, with probit values escalating from 0.3 to 0.9 within this narrow range, reflecting the high potency and fast-acting toxicity of Dichlorvos on the exposed snail population. The LC₅₀ value defined as the concentration at which 50% of the test organisms die was calculated to be 1.13 mg/kg, corresponding to the inflection point (probit = 0.5) on the fitted curve. This value demonstrates that Helix aspersa is significantly more sensitive to Dichlorvos than Atrazine, which had an LC₅₀ of 10.04 mg/kg. 

Figure 2: Median lethal concentration (LC50) of Dichlorvos for snails = 1.13mg/kg

3.1.4 Temporal Effects of Pesticides on Microbial Biomass 
Figure 3 shows the temporal variation in microbial biomass carbon (MB-C) in soil treated with Atrazine and Dichlorvos compared to the control. At Day 7, the control recorded the highest MB-C value (285.06 ± 0.56 µg/g), while Atrazine (271.38 ± 0.95 µg/g) and Dichlorvos (268.07 ± 0.25 µg/g) treatments showed reduced levels, indicating an initial inhibitory effect of the pesticides on soil microbial activity. By Day 14, Atrazine-treated soil showed a slight increase to 274.65 ± 0.56 µg/g, while Dichlorvos remained low at 269.62 ± 0.50 µg/g, suggesting gradual microbial recovery. On Day 21, MB-C under Atrazine (278.81 ± 0.43 µg/g) and Dichlorvos (274.38 ± 0.97 µg/g) exceeded the control (275.67 ± 0.56 µg/g), reflecting microbial adaptation and possible utilisation of the pesticides as alternative carbon sources. By Day 28, Atrazine exhibited the highest MB-C (284.67 ± 0.55 µg/g), followed by Dichlorvos (277.71 ± 0.41 µg/g) and control (272.73 ± 0.30 µg/g). Overall, the results indicate an initial decline followed by progressive recovery and enhancement of microbial biomass carbon in pesticide-treated soils, suggesting microbial acclimatisation to prolonged pesticide exposure.


Figure 3: Temporal Effects of Pesticides on Microbial Biomass Carbon (MB-C)
Figure 4 illustrates the temporal variation in microbial biomass nitrogen (MB-N) in soil treated with Atrazine and Dichlorvos compared to the control. At Day 7, the control recorded the highest MB-N (18.01 ± 0.04 µg/g), while Atrazine (17.14 ± 0.06 µg/g) and Dichlorvos (16.94 ± 0.01 µg/g) treatments showed lower values, indicating an initial inhibitory effect of the pesticides on soil nitrogen-associated microbial activity. By Day 14, MB-N slightly decreased in the control (17.67 ± 0.03 µg/g) but increased marginally in Atrazine-treated soil (17.36 ± 0.04 µg/g), suggesting early microbial adjustment. On Day 21, MB-N in Atrazine (17.62 ± 0.03 µg/g) surpassed the control (17.42 ± 0.04 µg/g) and Dichlorvos (17.34 ± 0.06 µg/g), indicating microbial adaptation to pesticide presence. By Day 28, Atrazine treatment exhibited the highest MB-N (17.99 ± 0.04 µg/g), followed by Dichlorvos (17.55 ± 0.03 µg/g) and the control (17.23 ± 0.02 µg/g). 

Figure 4: Temporal Effects of Pesticides on Microbial Nitrogen (MB-B)
Figure 5 presents the temporal variation in microbial biomass phosphorus (MB-P) in soil treated with Atrazine and Dichlorvos compared to the control. At Day 7, the control recorded the highest MB-P (11.05 ± 0.02 µg/g), while Atrazine (10.52 ± 0.04 µg/g) and Dichlorvos (10.39 ± 0.01 µg/g) treatments showed lower values, indicating an initial reduction in microbial phosphorus content due to pesticide stress. By Day 14, MB-P declined slightly in the control (10.85 ± 0.02 µg/g), while a minor increase was observed in Atrazine-treated soil (10.65 ± 0.02 µg/g) and Dichlorvos-treated soil (10.45 ± 0.02 µg/g), suggesting gradual microbial adjustment. On Day 21, MB-P values in the treated soils (Atrazine: 10.81 ± 0.02 µg/g; Dichlorvos: 10.64 ± 0.04 µg/g) exceeded the control (10.69 ± 0.02 µg/g), indicating microbial adaptation and possible enhancement of phosphorus mineralisation activity. By Day 28, Atrazine treatment exhibited the highest MB-P (11.04 ± 0.02 µg/g), followed by Dichlorvos (10.77 ± 0.01 µg/g) and the control (10.58 ± 0.01 µg/g). 

Figure 5: Temporal Effects of Pesticides on Microbial Biomass Phosphorus (MB-P)
Figure 6 shows the temporal variation in bacterial population in soil treated with Atrazine and Dichlorvos compared with the control. At Day 0, all treatments had similar bacterial counts (254.33 ± 9.77 × 10⁴ CFU/g), confirming uniform initial conditions. By Day 7, bacterial populations declined sharply in Atrazine (159.00 ± 4.16 × 10⁴ CFU/g) and Dichlorvos (143.00 ± 5.03 × 10⁴ CFU/g) treatments relative to the control (251.00 ± 3.21 × 10⁴ CFU/g), indicating strong initial toxicity of both pesticides to soil bacteria. At Day 14, bacterial recovery was observed, with increases to 190.33 ± 9.61 × 10⁴ CFU/g under Atrazine and 179.00 ± 5.13 × 10⁴ CFU/g under Dichlorvos, though still lower than the control (233.33 ± 2.73 × 10⁴ CFU/g). By Day 21, bacterial count in Atrazine-treated soil (245.00 ± 2.52 × 10⁴ CFU/g) exceeded both the control (201.67 ± 6.06 × 10⁴ CFU/g) and Dichlorvos (205.00 ± 1.15 × 10⁴ CFU/g), suggesting microbial adaptation and possible utilisation of Atrazine as a carbon or energy source. At Day 28, a general decline was observed across treatments, with Atrazine (214.00 ± 6.03 × 10⁴ CFU/g) still maintaining higher counts than the control (195.00 ± 6.35 × 10⁴ CFU/g) and Dichlorvos (196.33 ± 9.26 × 10⁴ CFU/g). 

Figure 6: Temporal Effects of Pesticides on bacterial count
Figure 7 showed that the nitrifier population initially declined sharply in both atrazine and dichlorvos-treated soils by day 7, dropping from 182.33×10³ CFU/g to 121.00×10³ CFU/g and 79.67×10³ CFU/g, respectively, compared to 179.33×10³ CFU/g in the control. This indicates strong inhibitory effects of both chemicals, more pronounced with dichlorvos. By day 14, slight recovery occurred, suggesting microbial adaptation. At day 21, the atrazine-treated soil surpassed the control (184.33×10³ CFU/g vs. 155.33×10³ CFU/g), indicating enhanced resilience and possible utilisation of the herbicide by nitrifiers. However, by day 28, counts declined across treatments, likely due to nutrient depletion or residual toxicity. 

Figure 7: Temporal effects of pesticides on Nitrifiers count
Figure 8 showed that phosphate-solubilizing bacteria (PSB) showed a marked decline in both atrazine and dichlorvos-treated soils by day 7, decreasing from 217.33×10³ CFU/g to 88.33×10³ CFU/g and 78.67×10³ CFU/g, respectively, compared to 201.33×10³ CFU/g in the control. This indicates strong initial toxicity, with dichlorvos exerting greater inhibition. By day 14, partial recovery was observed, reaching 140.67×10³ CFU/g (atrazine) and 111.67×10³ CFU/g (dichlorvos). At day 21, the atrazine-treated soil recorded a significant rebound (233.33×10³ CFU/g), surpassing the control (174.00×10³ CFU/g), suggesting adaptation and possible utilisation of atrazine as a carbon source. However, the dichlorvos-treated soil remained lower (153.33×10³ CFU/g). By day 28, populations declined slightly across all treatments, with 160.33×10³ CFU/g (atrazine) and 117.33×10³ CFU/g (dichlorvos), implying residual toxic effects. 

Figure 8: Temporal effects of pesticides on Phosphate solubilizers count
Figure 8 showed that the Actinomycetes population showed a clear response to pesticide exposure over the 28-day period. At Day 0, all treatments had identical counts (199.00 ± 5.03 ×10² CFU/g), confirming uniform initial conditions. By Day 7, populations declined sharply in Atrazine- and Dichlorvos-treated soils to 97.00 ± 1.00 (×10² CFU/g) and 86.00 ± 3.51(×10² CFU/g), respectively, compared with 147.00 ± 8.50 in the control, indicating strong initial pesticide toxicity. By Day 14, recovery was observed in both pesticide treatments, with counts rising to 107.00 ± 5.03(×10² CFU/g) (Atrazine) and 110.00 ± 3.46 (×10² CFU/g) (Dichlorvos), although control levels continued to decline slightly. At Day 21, Actinomycetes in Atrazine-treated soil surged to 151.67 ± 2.67 (×10² CFU/g), surpassing both Dichlorvos (133.67 ± 5.78 ×10² CFU/g) and control (131.00 ± 2.52×10² CFU/g), suggesting microbial adaptation and possible utilisation of Atrazine as a carbon source. By Day 28, populations slightly declined but remained higher in Atrazine-treated soil (147.67 ± 5.49 ×10² CFU/g) compared with Dichlorvos (128.00 ± 5.69 ×10² CFU/g) and the control (127.33 ± 6.12 ×10² CFU/g). 

Figure: 9: Temporal effects of Pesticides on Actinomycetes count
Figure 9 showed that fungal counts in the soil showed differential responses to atrazine and dichlorvos over the 28-day period (Figure 10). In the control soil, fungal populations steadily increased from 150.00±3.61(×10³ CFU/g) at day 0 to 189.67±6.94 (×10³ CFU/g) at day 28, indicating normal growth. Soils treated with atrazine showed an initial sharp decline from 150.00±3.61 to 65.33±7.13 (×10³ CFU/g) by day 7, followed by gradual recovery to 102.00±3.06 by day 28. Similarly, dichlorvos-treated soils experienced a pronounced decrease to 42.67±4.48 (×10³ CFU/g) at day 7, then a gradual increase to 86.67±4.91 (×10³ CFU/g) at day 28. 

Figure 10: Temporal effects of Pesticides on Fungal count
3.2	Discussion
The moderately acidic pH of the control soil aligns with recent findings indicating that near-neutral pH conditions optimise microbial community diversity and function (Zhou et al., 2017; Muneer et al., 2022). This mirrors global trends where pH remains a key driver of bacterial community structure in surface soils (Tian et al., 2021). High organic carbon content in the soil supports abundant microbial biomass, which is consistent with studies showing that soils rich in organic matter exhibit higher microbial biomass carbon (MBC) and activity (Liu et al., 2019). Notably, research into sandy grassland soils found a strong positive correlation between SOC and MBC, indicating organic carbon availability is crucial for microbial proliferation (He et al., 2022). The sandy texture observed is known to influence nutrient retention negatively often leading to faster SOC mineralization due to high porosity and aeration (Afandi et al., 2026). Nevertheless, recent analyses of sandy-textured soils confirm that microbial biomass tends to decrease as sand content rises, whereas higher proportions of silt and clay provide stabilising niches for soil organisms (Shi et al., 2016). Nutrient levels and cation composition especially elevated calcium and magnesium are aligned with statistics from productive agricultural soils, where these base cations help maintain microbial habitat stability and cation exchange capacity essential for nutrient cycling (Khan et al., 2024). Heavy metal concentrations, which are below known phytotoxic thresholds, indicate minimal contamination, consistent with results from sites known to sustain healthy microbial functions under low metal stress (Laoye et al., 2025). This low-level contamination is unlikely to impact the high microbial activity and high counts seen in the soil. The microbial enumeration agrees with recent findings that total heterotrophic bacteria often dominate fertile soils, whereas fungi and specialised functional groups such as phosphate solubilizers occur at lower yet ecologically crucial densities (Bogati et al., 2025). These findings mirror the hierarchical microbial structure described in microbially lively soils across varied agroecosystems (Mishra et al., 2025).
The median lethal concentration (LC₅₀) of Atrazine to Helix aspersa demonstrates significant acute toxicity at higher exposure levels, which is consistent with previous reports. Recent studies also report comparable sub-lethal impacts of Atrazine on freshwater molluscs. For example, (Singh & Garg (2022) observed histopathological and genotoxic alterations in mussels exposed to Atrazine, while (Sparr, J 2024) documented oxidative stress and behavioural disruptions in Biomphalaria glabrata. Although some studies have shown that environmentally relevant concentrations of Atrazine may not cause immediate mortality in aquatic snails, recent evidence suggests that such exposures can trigger oxidative stress and physiological disruption over time. For instance, Debroy et al. (2025) reported that sublethal Atrazine concentrations significantly altered antioxidant enzyme activities and induced oxidative damage in Bellamya aeruginosa, while (Singh & Garg, 2022)observed long-term histopathological and genotoxic effects in freshwater mussels exposed to similar concentrations. Recent studies indicate that the toxicity of Atrazine is strongly influenced by the route of exposure. For instance, Oorts et al. (2021) reported that soil-contact exposure resulted in higher bioavailability and toxicity to invertebrates than dietary routes, where metabolic detoxification reduces acute effects. This may explain the lower lethality observed in ingestion-based studies compared to direct soil contact. Furthermore, Anderson & Lydy et al. (2002) demonstrated that co-exposure of Atrazine with organophosphate insecticides significantly intensified toxicity due to the inhibition of detoxification enzymes and elevated oxidative stress, reinforcing that combined exposures present greater ecological risks than single-compound exposures. Their findings echo the broader study theme and suggest that Atrazine could potentiate Dichlorvos toxicity via synergistic effect. In summary, the LC₅₀ findings for Atrazine in Helix aspersa are generally consistent with evidence from prior studies involving histopathological damage, aquatic exposures, and pesticide interactions, although discrepancies in lethality thresholds reflect differences in exposure route, duration, and organism stage.
The steep sigmoidal trend observed in the probit curve for Dichlorvos mortality where death rates rapidly escalate within a narrow concentration range accords with the known neurotoxic mode of action of organophosphates in invertebrates. Recent work confirms that organophosphorus pesticides inhibit acetylcholinesterase (AChE), causing rapid behavioural impairment and, under sufficient dose or exposure, mortality (Al jowf, et al., 2022). For example, the primary neurotoxic mechanism of organophosphate insecticides is irreversible AChE inhibition, leading to excessive accumulation of acetylcholine in synapses and consequent neural transmission failure (Trang & Khandhar, 2023). While direct studies of Dichlorvos in terrestrial molluscs remain limited, the general pattern of acute neurotoxicity in invertebrates supports the interpretation of your findings. A recent review of organophosphate‑pesticide impacts on non‑target invertebrates and vertebrates found that AChE inhibition is a key mechanism both of rapid toxicity and of sub‑lethal disruption of physiological and behavioural systems (Chen et al., 2024).
In the trials, the high mortality of Helix aspersa is consistent with its demonstrated sensitivity to cholinesterase‑inhibiting compounds. Although many earlier studies focused on dimethoate rather than Dichlorvos, the pattern remains relevant: exposure of H. aspersa to an organophosphorus pesticide produced marked reductions in AChE activity and impaired growth (Abdel-Azeem et al., 2025).However, sensitivity differs markedly among taxa and endpoints. Some aquatic invertebrates display behavioural responses rather than outright mortality at lower exposures. For instance, freshwater molluscs exposed to pesticides showed altered shell‑opening behaviour and activity changes prior to mortality (Betz-Koch et al., 2025). In soil invertebrate assemblages, pesticide exposure often leads to declines in abundance, diversity or biomarker responses rather than simple mortality endpoints. A recent systematic review found that pesticide‑related negative effects occurred in approximately 70 % of tested parameters across soil invertebrates (Beaumelle et al., 2023).Thus, while the acute mortality seen in H. aspersa in your experiment aligns with its high susceptibility to AChE‑inhibiting compounds, your results underscore that the magnitude and type of response (mortality vs behaviour vs biomarker change) vary strongly among species, chemical mode of action, exposure milieu and endpoint. The pronounced shift in the dose‑response curve which you attribute to the organophosphate’s neurotoxicity fits with the mechanistic understanding that organophosphates often produce more rapid and severe neural disruption than many herbicides.
Microbial Biomass Dynamics and Soil Microbial Health
Microbial biomass carbon (MB-C), nitrogen (MB-N), and phosphorus (MB-P) collectively represent the living microbial fraction of soil and serve as sensitive indicators of soil biological activity, nutrient cycling, and ecosystem functioning. These biomass pools are tightly interlinked: MB-C fuels microbial growth, while MB-N and MB-P reflect nutrient immobilisation and mineralisation processes that depend on the size, composition, and activity of bacterial, fungal, and functional groups such as nitrifiers and phosphate-solubilizers (Naylor et al., 2022; Gupta et al., 2022). Consequently, changes in any one biomass pool typically mirror shifts in the others and correlate with fluctuations in microbial populations and nutrient-cycling capacity.
The observed temporal patterns across pesticide treatments reveal a consistent disturbance-response trajectory. Initially, all three biomass pools experienced acute suppression following Atrazine and Dichlorvos application, signalling strong short-term toxicity that reduced active microbial biomass and constrained nutrient immobilisation. This early decline in MB-C limited substrate availability for heterotrophic growth, while reductions in MB-N and MB-P reflected the diminished capacity of microbes to assimilate and cycle nitrogen and phosphorus. Correspondingly, bacterial and fungal populations, as well as key functional guilds like nitrifiers and phosphate-solubilizers, were also suppressed, highlighting the systemic impact of pesticide stress on soil microbial networks (Li et al., 2024)
Following this initial inhibition, progressive recovery and eventual enhancement of MB-C, MB-N, and MB-P were observed, albeit at different rates depending on the pesticide type. Recovery is attributed to two complementary processes: physiological acclimation of surviving populations and selection for tolerant or pesticide-degrading taxa. Where degraders proliferated, they assimilated pesticide-derived carbon, nitrogen, and phosphorus into microbial biomass, facilitating the restoration of MB-C and driving concomitant increases in MB-N and MB-P (He et al., 2020). This functional compensation was mirrored in microbial population rebounds, indicating that recovery of biomass pools is mechanistically linked to the resurgence of active microbial communities and nutrient-transforming guilds.
Pesticide identity significantly influenced recovery dynamics. Herbicides like Atrazine, which can be metabolised by indigenous degraders, showed faster and more pronounced biomass recovery, whereas persistent insecticides such as Dichlorvos delayed rebound due to sustained toxicity and slower degradation (Hu et al., 2023; Zhang, 2021). These differences illustrate how the chemical nature of the pesticide interacts with the indigenous microbial community to determine the speed and extent of recovery, as well as the capacity of soil to restore carbon, nitrogen, and phosphorus cycling functions.
Scientifically and environmentally, these findings have several implications. Early suppression of microbial biomass pools signals acute ecosystem stress and potential short-term reductions in nutrient availability for plants, whereas recovery driven by degrader proliferation reflects microbial resilience and adaptive capacity. However, recovery may also shift community composition, potentially altering nutrient stoichiometry and long-term soil fertility. These dynamics underscore the importance of evaluating MB-C, MB-N, and MB-P together with microbial populations to obtain a holistic assessment of pesticide impacts and soil microbial health (Zhang et al., 2024).
Soil Microbial Responses to Atrazine and Dichlorvos
Soil microbial communities including bacteria, fungi, actinomycetes, and functional guilds such as nitrifiers and phosphate-solubilizing bacteria (PSB) play essential roles in nutrient cycling, organic matter decomposition, and overall soil fertility. Microbial biomass carbon (MB-C), nitrogen (MB-N), and phosphorus (MB-P) reflect the living microbial fraction and are closely linked to population dynamics and functional guild activity (Pan & Cai, 2023; Maciel-Rodriguez et al., 2025).
Across all microbial groups, the study revealed a consistent pattern: an acute suppression following pesticide application, followed by gradual recovery and, in some cases, enhancement relative to control soils. Bacterial populations declined sharply immediately after Atrazine and Dichlorvos application, mirroring early reductions in MB-C, MB-N, and MB-P. This early suppression indicates the direct toxic effects of pesticides, reducing microbial biomass, constraining functional guild activity, and temporarily weakening nutrient cycling (Bhardwaj, et l., 2024).
Functional guilds exhibited similar trends. Nitrifiers, responsible for ammonium oxidation, experienced strong early inhibition, particularly under Dichlorvos, reflecting the higher toxicity and persistence of this chemical. Recovery was faster in Atrazine-treated soils, suggesting microbial adaptation and potential utilisation of Atrazine as a substrate, while Dichlorvos recovery was slower, highlighting persistent inhibitory effects (Hu et al., 2021).Phosphate-solubilizing bacteria also showed pronounced early declines, with Atrazine allowing more robust mid-phase recovery and Dichlorvos causing persistent suppression. This indicates that pesticide type and microbial degradative capacity govern the resilience of nutrient-cycling guilds (Pan & Cai, 2023).Actinomycetes, key decomposers of complex organic matter, were initially suppressed and gradually recovered, with Atrazine-treated soils showing stronger rebound than Dichlorvos. Fungal populations followed the same pattern: both pesticides reduced fungal abundance early, but Atrazine supported faster recovery, whereas Dichlorvos delayed restoration.
The synchronous suppression of microbial biomass pools and populations highlights strong mechanistic coupling between MB-C, MB-N, MB-P, and microbial abundance. Early reductions in MB-C constrain heterotrophic growth, leading to concurrent declines in MB-N and MB-P through reduced nitrogen and phosphorus immobilisation (Tarzi, et al., 2024). Suppression of functional guilds reflects their sensitivity to pesticide stress and dependence on living biomass for energy and substrate. Recovery of MB-C often precedes or parallels population rebounds, indicating that microbial adaptation, physiological acclimation, and proliferation of pesticide-degrading taxa drive restoration of nutrient cycling functions (Ahmad et al., 2022). Differential responses between Atrazine and Dichlorvos underscore the importance of chemical identity, persistence, and indigenous degrader communities. Atrazine, more readily degraded, promoted faster recovery of microbial biomass and functional guilds, while Dichlorvos, with persistent toxicity, slowed restoration across all microbial groups (de Souza et al., 2022).

4. Conclusion
This study demonstrated that the application of Atrazine and Dichlorvos significantly altered soil biological functions and posed measurable ecotoxicological risks to non-target soil organisms. The baseline soil condition, characterized by moderate acidity, high microbial diversity, and adequate nutrient content, provided a suitable environment for observing pesticide-induced perturbations. The results revealed that both pesticides exerted an initial suppressive effect on microbial biomass carbon, nitrogen, and phosphorus, as well as on microbial abundance. However, over time, the microbial biomass parameters exhibited recovery trends, particularly in soils treated with Atrazine, suggesting microbial adaptation or proliferation of resistant populations. Atrazine and Dichlorvos, used as comparative references in toxicity assessments, similarly showed an initial inhibitory phase followed by a delayed stimulation of microbial functions. The ecotoxicity assessment using Helix aspersa indicated that Dichlorvos exhibited markedly higher acute toxicity than Atrazine, with a lower median lethal concentration (LC₅₀), highlighting its elevated risk to non-target invertebrate fauna in terrestrial habitats. These findings emphasize the differential toxicity profiles of pesticides, with organophosphates like Dichlorvos presenting more immediate ecological threats even at low concentrations. Overall, the study underscores the need for cautious application of agrochemicals, considering their persistent impacts on soil health and biodiversity. The findings also highlight the utility of microbial biomass and snail bioassays as effective indicators for assessing the ecological impact of pesticide exposure in terrestrial systems.
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