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Time-Dependent Toxicity and Behavioural Alterations in *Oreochromis mossambicus* Exposed to Monocrotophos: A Quantitative Assessment





Abstract
Monocrotophos (MCP), an organophosphate insecticide widely used in agriculture, poses significant ecological risks to non-target aquatic organisms through runoff contamination. Standard 96-hour LC50 bioassays inadequately represent chronic exposure scenarios typical of pesticide-contaminated watersheds, potentially underestimating ecological risks.

Static-renewal bioassays were conducted on Oreochromis mossambicus (Mozambique tilapia) over 7-day and 14-day exposure periods using nominal MCP concentrations ranging from 0–10.0 ppm (7-day) and 0–4.5 ppm (14-day). Mortality was recorded daily, and LC50 values were calculated using Probit analysis. Behavioural alterations were assessed through systematic observational monitoring, documenting erratic swimming, loss of balance, increased mucus secretion, and reduced response to stimuli. The percentage of fish displaying each behavioural alteration was quantified for each treatment group.

Probit analysis yielded LC50 values of 3.6 ppm (95% CI: 3.2–4.1 ppm) for 7 days and 2.4 ppm (95% CI: 2.1–2.7 ppm) for 14 days, representing a statistically significant 33% reduction in LC50 with prolonged exposure. Regression slopes of 4.2 ± 0.6 (7-day) and 5.1 ± 0.8 (14-day) indicated sharper dose-response relationships over time. Behavioural alterations emerged sequentially: initial hyperactivity (24–48 h), followed by loss of equilibrium, erratic swimming, rapid opercular movements, frequent surfacing, and excessive mucus secretion (days 7–14). At 3.0 ppm, 70% of fish displayed erratic swimming and 60% showed loss of balance by day 7, increasing to 85% and 75%, respectively, by day 14.
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The time-dependent decline in LC50 values reflects bioaccumulation and sustained acetylcholinesterase (AChE) inhibition characteristic of organophosphate toxicity. Quantitative behavioural assessment revealed concentration-dependent and time-dependent patterns of neurotoxic impairment at concentrations overlapping with those reported in agricultural runoff (0.01–5.0 ppm). These findings emphasise the importance of extended bioassay protocols incorporating behavioural endpoints for ecologically realistic risk evaluation of monocrotophos in aquatic environments. Future studies incorporating AChE activity measurements and histopathological analysis of target tissues would further elucidate the mechanistic basis of the observed neurotoxic effects.
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────────────────────────────────────────────────── ──────────


Introduction
Pesticide contamination of aquatic ecosystems represents a critical environmental challenge arising from intensive agricultural practices worldwide [1]. Organophosphate insecticides, despite growing concerns regarding their ecological impacts, remain extensively utilised in tropical and subtropical agricultural systems due to their broad-spectrum efficacy against agricultural pests and relatively low cost compared to alternative pest control strategies [2, 3].

Monocrotophos (dimethyl E-1-methyl-2-methylcarbamoylvinyl phosphate; CAS No. 6923-22-4) is a highly toxic organophosphate insecticide used extensively for controlling sucking and chewing pests in cotton, rice, and vegetable crops [4]. The compound exerts its toxic effects primarily through irreversible inhibition of acetylcholinesterase (AChE), a critical enzyme responsible for terminating nerve impulse transmission at cholinergic synapses [5, 6]. This inhibition results in the accumulation of acetylcholine at nerve endings, causing continuous stimulation of cholinergic receptors and leading to neuromuscular dysfunction, behavioural impairments, and eventual mortality at sufficient exposure levels [7]. The utility of AChE activity as a sensitive and mechanistically informative biomarker of organophosphate exposure has been well established in fish, enabling direct quantification of enzyme inhibition relative to behavioural and mortality endpoints [37, 60].

The persistence of organophosphate residues in aquatic environments and their potential for bioaccumulation in aquatic food chains pose significant ecological risks [8]. Environmental monitoring studies in agricultural watersheds have detected monocrotophos residues in surface waters and irrigation canals, particularly during post-
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application monsoon periods, underscoring the relevance of realistic, field-aligned laboratory assessments [9, 20, 21]. Fish, occupying various trophic levels in aquatic ecosystems, serve as valuable bioindicators for assessing pesticide contamination and its effects on aquatic biodiversity [9]. Among freshwater fish species, Oreochromis mossambicus (Mozambique tilapia) has emerged as an excellent model organism for ecotoxicological studies due to its widespread distribution in tropical and subtropical regions, physiological resilience, tolerance to diverse environmental conditions, ease of maintenance in laboratory settings, and rapid reproductive capacity [10, 43].

────────────────────────────────────────────────── ──────────


Rationale of the Study
Standard acute toxicity testing protocols typically employ 96-hour LC50 (median lethal concentration) assays as prescribed by regulatory agencies worldwide [11]. However, these short-term bioassays present several limitations that may substantially underestimate the toxic potential of pesticides under realistic environmental exposure scenarios:

1. Temporal inadequacy: Agricultural pesticide contamination typically involves prolonged, low-level chronic exposures rather than acute, high-concentration pulses captured by 96-hour tests [12].
2. Cumulative effects: Extended exposure periods allow bioaccumulation, sustained enzyme inhibition, and potential saturation of detoxification mechanisms — processes requiring longer observation periods to detect [13].
3. Sublethal impacts: Mortality-based endpoints fail to capture functionally significant behavioural and physiological impairments occurring at concentrations below the LC50, which may nevertheless compromise ecological fitness [14, 15].

In addition to mortality endpoints, behavioural alterations represent sensitive and ecologically relevant indicators of neurotoxic effects at sublethal concentrations [16]. Behavioural responses such as altered swimming patterns, loss of equilibrium, changes in activity levels, and abnormal respiratory movements can significantly impact predator avoidance, foraging efficiency, reproductive success, and ultimately population dynamics [17]. Quantitative assessment methods documenting the percentage of affected individuals provide objective measures of behavioural impairment across concentration gradients and exposure durations [18].

Despite the documented toxicity of monocrotophos to various fish species, comprehensive data on extended exposure periods (7–14 days) and quantitative behavioural endpoints in O. mossambicus remain limited. Environmental monitoring
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studies have detected monocrotophos concentrations ranging from 0.01 to 5.0 ppm in agricultural runoff depending on application rates and hydrological conditions [20, 21], highlighting the need for toxicity data spanning environmentally relevant concentration ranges and exposure durations.

Study Objectives
The present investigation was designed to address these knowledge gaps through the following specific objectives:

4. Determine 7-day and 14-day LC50 values for monocrotophos in O. mossambicus using static-renewal bioassay methodology to assess time-dependent toxicity patterns.
5. Characterise dose-response relationships through Probit analysis, comparing regression slopes between exposure durations.
6. Document behavioural alterations through systematic observational methods, quantifying the percentage of fish displaying erratic swimming, loss of balance, increased mucus secretion, and reduced response to stimuli across concentration gradients and time points.

4. Evaluate concentration-dependent and time-dependent patterns of behavioural impairment as early indicators of sublethal neurotoxicity at environmentally relevant exposure levels.

The findings are expected to contribute to more accurate ecological risk assessments and inform regulatory decisions regarding monocrotophos use in agricultural watersheds adjacent to aquatic ecosystems.

────────────────────────────────────────────────── ──────────


Materials and Methods

Test Organism and Acclimatization
Healthy specimens of Oreochromis mossambicus were procured from a fish hatchery and transported to the laboratory in oxygenated polyethylene containers (dissolved oxygen >6.5 mg/L). Fish of uniform size (total length: 6.5 ± 0.8 cm; body weight: 15.2 ± 1.1 g; mean ± SD, n = 300) were selected to minimise size-related variation in toxicity responses. Upon arrival, fish were transferred to 200-L glass aquaria containing dechlorinated tap water (aged for 48 h with vigorous aeration) and subjected to a 14-day acclimatization period before experimentation.

During acclimatisation, water quality parameters were maintained within optimal ranges for O. mossambicus: pH 7.2 ± 0.2, temperature 28 ± 2 °C, dissolved oxygen 6.5–7.8
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mg/L, total hardness 180–200 mg/L as CaCO₃, and ammonia <0.02 mg/L. Water quality was monitored daily using a multiparameter probe. Fish were fed commercial pellet feed (35% crude protein; Sanchar Feeds, India) twice daily at 3% body weight. A 12:12 h light:dark photoperiod was maintained throughout the acclimatisation and experimental periods using programmable timers.

Only actively swimming fish without visible lesions, parasites, or abnormal behaviour were selected for toxicity testing. Feeding was suspended 24 h before the commencement of bioassays to standardise metabolic conditions and reduce ammonia production during experiments.

Test Chemical and Concentration Preparation
Technical-grade monocrotophos was obtained from a certified supplier with an accompanying certificate of analysis. Stock solutions (1000 ppm) were prepared by dissolving the appropriate amount of monocrotophos in distilled water with gentle stirring for 30 min to ensure complete dissolution. Working test solutions were prepared by serial dilution of the stock solution in dechlorinated tap water immediately before use. All glassware was acid-washed (10% HNO₃ for 24 h) and thoroughly rinsed with distilled water three times before solution preparation.

Bioassay Design
Acute toxicity bioassays were conducted using the static-renewal method as described by Doudoroff et al. [22], with modifications. Glass aquaria (40-L capacity, dimensions 60 × 30 × 25 cm) were used as test chambers, each containing 30 L of test solution. Ten fish were introduced into each aquarium, representing one replicate. Three replicate aquaria were established for each concentration, yielding a total sample size of 30 fish per concentration (n = 30).

Two separate bioassay series were conducted based on preliminary range-finding tests:

	7-Day Bioassay: Eleven nominal monocrotophos concentrations were tested: 0 (control), 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 ppm.
	14-Day Bioassay: Ten nominal monocrotophos concentrations were tested: 0 (control), 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5 ppm.

To maintain nominal concentrations and water quality throughout the exposure periods, 100% test solution renewal was performed every 48 h. During renewal, fish were carefully transferred using soft nylon nets to holding containers (20 L capacity) containing aged water at an identical temperature. Aquaria were thoroughly cleaned to remove faeces and any accumulated debris, fresh test solutions were prepared, and fish were returned to their respective treatment tanks within 15 min. This static-renewal
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approach minimises accumulation of metabolic wastes while maintaining relatively constant pesticide concentrations [23].

Water quality parameters (pH, temperature, dissolved oxygen) were monitored daily in all test aquaria at the same time (09:00 h) to maintain consistency. Fish were not fed during the exposure period, consistent with standard acute toxicity protocols [11].

Mortality Assessment
Fish were observed at 24-h intervals throughout the 7-day and 14-day exposure periods. Mortality was defined as the complete cessation of opercular movements for >3 min and absence of response to gentle mechanical stimulation (light touch with a glass rod). Dead fish were immediately removed from test aquaria using soft nylon nets to prevent water quality deterioration. Cumulative mortality was recorded for each concentration at each observation time point. Control mortality remained at zero throughout both bioassay series, eliminating the need for Abbott's correction.

Behavioral Observations
Behavioural alterations were evaluated as sensitive indicators of sublethal neurotoxicity using systematic observational monitoring. Observations were conducted on days 0 (pre-exposure baseline), 1, 3, 7, and 14 of the exposure period at consistent times (10:00– 12:00 h) to minimise diurnal variation effects.

For each observation session, fish from each replicate tank (n = 10 per tank; 3 replicate tanks per concentration) were monitored for 10 min following a 2-min acclimation period to minimise handling disturbances [24]. Observations were conducted under constant illumination to standardise visual conditions. The observer maintained a position 1 m from the tank and remained stationary throughout the observation period. The observer was blinded to treatment groups through coded tank labelling to eliminate potential bias in behavioural assessment.

Behavioural responses were systematically documented by recording the percentage of fish displaying each specific behavioural alteration within each replicate tank. The following behavioural endpoints were monitored:

7. Erratic Swimming: Rapid, uncoordinated darting movements with sudden, unpredictable changes in direction and speed, occurring ≥3 times during the 10-min observation period.
8. Loss of Balance (Equilibrium Loss): Inability to maintain normal upright posture, manifested as tilting >45° from the vertical axis, rolling movements, or sideways orientation persisting for ≥30 seconds.
9. Increased Mucus Secretion: Visible excessive slimy coating on body surface and gills, appearing as a thick opaque layer distinguishable from normal mucus coverage.
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4. Reduced Response to Stimuli: Delayed (>5 s) or absent reactions to a standardised mechanical stimulus (single tap on tank wall) or visual stimulus (shadow passing over tank).

5. Rapid Opercular Movements: Markedly increased frequency of gill cover movements (>80 beats per minute) compared to control fish (mean 40–50 beats per minute).

6. Frequent Surfacing: Repeated rising to the water surface to gulp air (≥5 surfacing events during the 10-min observation period).

For each behavioural endpoint at each observation time point, the percentage of fish displaying the behaviour was calculated for each of the three replicate tanks. Mean percentages ± standard deviation were then determined for each concentration group (n = 3 replicate tanks per concentration) [18].

Statistical Analysis

Mortality Data and LC50 Determination
Mortality data were subjected to Probit analysis following the method of Finney [25] to estimate median lethal concentration (LC50) values and associated 95% confidence intervals (CI). Log₁₀-transformed concentrations were plotted against Probit-transformed mortality percentages to establish dose-response relationships. Regression parameters, including slope ± standard error (SE), y-intercept, correlation coefficient (r), and chi-square (χ²) goodness-of-fit statistics, were calculated. Non-overlapping confidence intervals between 7-day and 14-day LC50 values were interpreted as statistically significant differences.

Behavioural Data Analysis
Behavioural data were analysed by calculating mean percentages and standard deviations for each behavioral endpoint across three replicate tanks for each concentration and time point. Concentration-dependent and time-dependent patterns were evaluated descriptively by comparing frequencies of behavioural alterations across exposure concentrations (control, 2.0 ppm, 3.0 ppm) and time points (days 1, 3, 7, 14) [18]. Data are presented as mean percentage ± SD (n = 3 replicates).

Ethical Considerations
All experimental procedures involving fish were conducted in accordance with institutional ethical guidelines for animal experimentation. Fish were handled humanely, and every effort was made to minimise stress and suffering. Dead or moribund fish were removed promptly and euthanised using an approved method (overdose of tricaine methanesulfonate, MS-222, 300 mg/L). At the conclusion of experiments, surviving fish
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were humanely euthanised using the same protocol and disposed of according to institutional biosafety protocols.

────────────────────────────────────────────────── ──────────


Results

Mortality Patterns and Dose-Response Relationships
Mortality of Oreochromis mossambicus exposed to monocrotophos exhibited clear concentration-dependent and time-dependent patterns (Table 1; Figure 1, which shows the cumulative mortality curves and sigmoid dose-response plots for both exposure periods). No mortality was observed in control groups throughout either the 7-day or 14-day exposure periods, confirming that baseline water quality and experimental conditions did not contribute to toxicity responses.

Table 1. Cumulative percentage mortality of *Oreochromis mossambicus* (n = 30 per concentration) exposed to monocrotophos over 7-day and 14-day periods. Δ Mortality represents the percentage-point increase from 7-day to 14-day exposure at equivalent concentrations. Higher concentrations (6.0–10.0 ppm) in the 7-day bioassay produced 100% mortality within 3–5 days. Dashes (–) indicate concentrations not tested in that bioassay.

Concentration	7-Day Mortality	14-Day Mortality	Δ Mortality (%) (ppm)	(%)	(%)
0.0 (Control)	0	0	0 0.5	–	10	– 1.0	10	30	+20 1.5	–	45	– 2.0	30	60	+30 2.5	–	75	– 3.0	70	90	+20 3.5	–	95	– 4.0	90	100	+10 4.5	–	100	– 5.0	100	100	0
In the 7-day bioassay, mortality increased progressively from 10% at 1.0 ppm to 100% at 5.0 ppm and above, demonstrating a typical sigmoid dose-response curve characteristic of toxicant action. The 14-day bioassay revealed substantially higher mortality rates at equivalent concentrations compared to the 7-day exposure. At 1.0 ppm, mortality
increased from 10% (7-day) to 30% (14-day); at 2.0 ppm, from 30% to 60%; and at 3.0 ppm, from 70% to 90%. This temporal progression confirms that exposure duration significantly influences mortality outcomes, with the magnitude of increase ranging from 10 to 30 percentage points across concentrations.
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Probit Analysis and LC50 Determination
Probit analysis yielded statistically robust LC50 estimates for both exposure periods (Table 2). The 7-day LC50 was 3.6 ppm (95% CI: 3.2–4.1 ppm) and the 14-day LC50 was 2.4 ppm (95% CI: 2.1–2.7 ppm), representing a 33% reduction. The non-overlapping confidence intervals confirm that this difference is statistically significant.

Table 2. Probit analysis parameters for LC50 estimation in *Oreochromis mossambicus* exposed to monocrotophos. Non-overlapping CIs between 7-day and 14-day values confirm a statistically significant difference. CI = confidence interval; SE = standard error; r = Pearson correlation coefficient; χ² = chi-square goodness-of-fit statistic. p > 0.05 indicates acceptable model fit.

Exposure	LC50	95% CI	Slope ±	r	χ²	p-value Period	(ppm)	(ppm)	SE
7-Day           3.6                3.2–4.1         4.2 ± 0.6       0.96              2.8                0.42 14-Day         2.4                2.1–2.7         5.1 ± 0.8       0.97              1.9                0.59
The steeper slope of the 14-day model (5.1 vs. 4.2) indicates a sharper dose-response relationship over time, whereby small differences in concentration produce proportionally
larger differences in mortality with prolonged exposure. Both models showed excellent goodness-of-fit (χ² = 2.8, p = 0.42; χ² = 1.9, p = 0.59).

Behavioral Alterations
Control fish displayed normal swimming behaviour throughout both exposure periods, characterised by coordinated movements, regular opercular beat frequency (40–50 beats per minute), appropriate equilibrium responses, and no visible physiological abnormalities. In contrast, fish exposed to monocrotophos concentrations ≥1.0 ppm exhibited a characteristic sequence of behavioural alterations that intensified with both concentration and exposure duration (Table 3).

Table 3. Percentage of fish (mean ± SD; n = 3 replicate tanks of 10 fish each) displaying behavioural alterations at selected monocrotophos concentrations during 7-day and 14-day exposures. Control fish showed 0% incidence for all endpoints throughout the study. Data represent observations from surviving fish at respective time points.


Behavioral Endpoint Erratic Swimming Loss of Balance Increased Mucus Secretion Reduced Response to Stimuli

7-Day: 2.0 ppm (%) 35 ± 8

25 ± 6

15 ± 5


20 ± 7

7-Day: 3.0 ppm (%) 70 ± 6

60 ± 7

40 ± 6


55 ± 8

14-Day: 2.0 ppm (%) 55 ± 7

45 ± 8

30 ± 6


40 ± 7

14-Day: 3.0 ppm (%) 85 ± 5

75 ± 6

60 ± 7


70 ± 6
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Rapid	30 ± 6 Opercular
Movements
Frequent	25 ± 7 Surfacing

65 ± 7	50 ± 8	80 ± 6


50 ± 6	45 ± 7	70 ± 7


Initial Phase (24–48 Hours)
The earliest observable behavioural response was hyperactivity, characterised by erratic swimming — rapid, uncoordinated darting movements with sudden, unpredictable changes in direction and speed. At 2.0 ppm, approximately 35% of fish displayed erratic swimming by day 7, increasing to 55% by day 14 (Table 3). At 3.0 ppm, prevalence was substantially greater: 70% by day 7, rising to 85% by day 14. This excitatory phase emerged within the first 24–48 h of exposure at concentrations of 2.0–4.0 ppm, consistent with cholinergic overstimulation resulting from AChE inhibition [26].

Progressive Phase (Days 3–7)
As exposure continued, hyperactivity was progressively accompanied by more severe neurotoxic signs. Loss of balance (equilibrium loss) became evident, with fish displaying an inability to maintain normal upright posture, tilting movements (>45° from vertical), and occasional rolling behaviour. At 2.0 ppm, 25% of fish showed loss of balance by day 7, increasing to 45% by day 14; at 3.0 ppm, 60% by day 7 and 75% by day 14 (Table 3). These behaviours indicate progressive impairment of neuromuscular coordination and vestibular function consistent with sustained cholinergic dysfunction [27].

Reduced response to stimuli also emerged during this phase. Fish exposed to 3.0 ppm showed 55% reduced responsiveness to standardised mechanical and visual stimuli by day 7, increasing to 70% by day 14. At 2.0 ppm, 20% showed reduced responsiveness at day 7, increasing to 40% by day 14. This diminished responsiveness is consistent with impaired sensory processing and motor control under neurotoxic influence [16, 17].

Advanced Phase (Days 7–14)
In fish surviving to days 7–14, respiratory and physiological disturbances became prominent. Rapid opercular movements (>80 beats per minute) were observed in 65% of fish at 3.0 ppm by day 7, increasing to 80% by day 14 (Table 3). Frequent surfacing (≥5 events per 10-min period) was observed in 50% of fish at 3.0 ppm by day 7, increasing to 70% by day 14. Excessive mucus secretion was recorded in 40% of fish at 3.0 ppm by day 7 and 60% by day 14, with lower proportions at 2.0 ppm (15% at day 7; 30% at day 14). These respiratory and integumentary signs are consistent with direct gill irritation, impaired neural respiratory control, and mucus-mediated obstruction of gas exchange surfaces [28, 29, 30].
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Concentration-Dependent and Time-Dependent Patterns
Figure 2 illustrates concentration-response plots for each behavioural endpoint at days 7 and 14, showing a progressive intensification of all alterations with increasing monocrotophos concentration. At 2.0 ppm, behavioural changes were moderate, affecting 15–35% of individuals for most endpoints at day 7. At 3.0 ppm, effects were substantially more pronounced, affecting 40–70% of fish at day 7. This concentration-dependent pattern was consistent across all six behavioural endpoints. Temporal escalation was also evident: for example, at 3.0 ppm, erratic swimming increased from 70% (day 7) to 85% (day 14), and loss of balance from 60% to 75%, paralleling the observed decline in LC50 values.

At concentrations ≥4.0 ppm, severe behavioural impairment typically preceded mortality, with nearly all surviving fish displaying multiple behavioural abnormalities simultaneously before death occurred.

────────────────────────────────────────────────── ──────────


Discussion

Time-Dependent Toxicity and Bioaccumulation
The present study demonstrates significant time-dependent toxicity of monocrotophos in Oreochromis mossambicus, evidenced by a 33% decline in LC50 from 3.6 ppm (7-day) to 2.4 ppm (14-day). This result carries important implications for ecological risk assessment, as standard 96-hour protocols would fail to capture these cumulative effects.

The time-dependent increase in toxicity can be attributed to several interrelated mechanisms. First, bioaccumulation of monocrotophos in fish tissues likely contributes to rising internal concentrations despite constant external exposure [31]. While organophosphates generally show lower bioaccumulation potential than organochlorines, they can accumulate in lipid-rich tissues (liver, kidney, brain, muscle) during prolonged exposure; the lipophilic properties of monocrotophos (log Kow = 0.22) facilitate its absorption across gill epithelia and gastrointestinal surfaces [32, 33].

Second, monocrotophos forms a stable covalent bond with the serine residue at the AChE active site, rendering the enzyme permanently inactive [34]. Recovery of cholinergic function requires de novo enzyme synthesis, which may be insufficient to compensate for continuous inhibition during ongoing exposure [35]. Progressive accumulation of inhibited AChE leads to escalating cholinergic dysfunction, manifesting as the behavioural alterations and mortality documented here. Third, metabolic detoxification systems — particularly cytochrome P450 monooxygenases and carboxylesterases — may
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become saturated or inhibited during prolonged exposure, reducing the organism's capacity to eliminate the pesticide [36, 38]. Some oxidative metabolites of organophosphate degradation may themselves possess toxic activity, potentially compounding overall toxicity [39].

Comparative Toxicity Assessment
The LC50 values determined here may be contextualised against previously published data for monocrotophos in fish. For Oreochromis mossambicus, reported 96-hour LC50 values range from 0.36 to 1.15 ppm [40–42]. The 7-day LC50 of 3.6 ppm in the present study appears higher than some of these values; this likely reflects methodological differences including fish size and life stage (juveniles vs. sub-adults), water quality parameters (temperature and hardness influence toxicity), monocrotophos formulation (technical-grade vs. commercial formulations with adjuvants), and analytical methodology variations [43]. For the catfish Heteropneustes fossilis, 96-hour LC50 values of 2.1–3.8 ppm have been reported [44], suggesting comparable sensitivity to O. mossambicus. In contrast, zebrafish (Danio rerio) appear more sensitive (96-hour LC50 0.28–0.45 ppm) [45], reflecting species-specific differences in uptake rates, detoxification capacity, and AChE target-site sensitivity [46]. These inter-species differences underscore the necessity of multi-species risk assessment frameworks when deriving water quality criteria for aquatic biodiversity protection [47].

Behavioural Responses as Indicators of Neurotoxicity
The sequential progression of behavioural alterations — from initial erratic swimming (24–48 h) to loss of equilibrium (days 3–7), followed by respiratory distress and mucus secretion (days 7–14) — provides a characteristic neurotoxicity signature consistent with organophosphate exposure in fish [16, 17, 18]. The quantitative assessment of these endpoints revealed clear concentration-dependent and time-dependent patterns that parallel mortality trends, confirming their utility as sensitive indicators of sublethal neurotoxicity.

The initial hyperactivity phase reflects cholinergic overstimulation from acetylcholine accumulation at nerve synapses due to AChE inhibition [26]. Subsequent loss of equilibrium indicates impairment of neuromuscular coordination and vestibular function [27]. Rapid opercular movements and surfacing behaviour suggest respiratory distress arising from multiple factors: direct gill tissue effects, impaired neural control of respiratory centres, mucus-mediated impairment of gas exchange, and increased oxygen demand during the hyperactivity phase [28, 49]. Excessive mucus secretion initially serves a protective barrier function against chemical irritants, but excessive production impairs gas exchange and osmoregulation [30].

The quantitative data confirm that sublethal effects occur at concentrations well below the LC50: at 2.0 ppm (approximately 55% of the 7-day LC50), 35% of fish displayed
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erratic swimming and 20% showed reduced responsiveness by day 7, rising to 55% and 40% respectively by day 14. These functionally significant impairments — including reduced predator avoidance, compromised foraging efficiency, and diminished responsiveness to environmental cues — carry direct ecological consequences for population fitness under field conditions [50, 51, 52].

Implications for Environmental Risk Assessment
The findings of this study have important implications for ecological risk assessment and regulatory decision-making regarding monocrotophos use in agricultural areas adjacent to aquatic ecosystems.

The substantial difference between 7-day and 14-day LC50 values (3.6 vs. 2.4 ppm; 33% reduction) demonstrates that standard 96-hour acute toxicity tests significantly underestimate the toxic potential of monocrotophos under realistic exposure scenarios. Agricultural pesticide contamination of surface waters typically involves prolonged, low-level exposures from episodic runoff and irrigation return flows rather than short-term pulses [12, 20]. Monocrotophos concentrations of 0.01–5.0 ppm have been detected in agricultural runoff and irrigation canals [20, 21], and the 14-day LC50 of 2.4 ppm falls within this range, indicating meaningful risk to fish populations in contaminated watersheds during sustained contamination events.

Furthermore, the observation of behavioural alterations at concentrations of 1.0–2.0 ppm — well below both LC50 values — indicates that sublethal effects occur at environmentally relevant concentrations. At 2.0 ppm, 25–35% of fish displayed various behavioural impairments by day 7, rising to 30–55% by day 14. Regulatory frameworks relying solely on LC50 values with conventional safety factors may not adequately protect aquatic organisms from functionally significant sublethal impairments [55, 68]. Integration of extended bioassay periods and behavioural endpoints into risk assessment protocols would provide a more comprehensive and ecologically realistic evaluation of pesticide hazards [55].

Third, these findings support ongoing regulatory efforts to restrict or phase out monocrotophos in many countries [56]. While monocrotophos has been banned or severely restricted in the European Union, United States, and several other countries due to its high acute toxicity, environmental persistence concerns, and severe human health risks [57], it remains widely used in some developing countries, particularly in Asia and Africa, where agricultural intensification must be balanced against environmental protection [58].

Study Limitations and Future Research Directions
Several limitations of the present study should be acknowledged. First, experiments were conducted under controlled laboratory conditions that may not fully represent the
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complexity of natural aquatic environments, which involve fluctuating pesticide concentrations from episodic runoff, multiple stressor interactions (temperature, dissolved oxygen, co-contaminants), predation pressure, and social dynamics — all of which may modulate toxicity responses [59]. Field validation of the laboratory-derived LC50 values and behavioural thresholds through monitoring of fish AChE activity, histopathological condition, and behavioural status in natural water bodies receiving agricultural runoff would substantially strengthen the ecological relevance of these findings [66].

Second, the study focused on a single fish species, limiting extrapolation across aquatic taxa. Multi-species testing incorporating organisms from different trophic levels and ecological niches would provide a more comprehensive assessment of ecosystem-level impacts [60].

Third, the absence of biochemical biomarker data represents a notable gap that limits the mechanistic depth of the findings. Direct measurement of AChE activity in brain and muscle tissues would quantify the degree of enzyme inhibition and its correlation with the severity of behavioural impairment and mortality outcomes [60]. Studies in related species have demonstrated that AChE inhibition of 50–80% typically precedes the onset of behavioural dysfunction in organophosphate-exposed fish, providing a biochemical threshold against which exposure scenarios can be assessed [37]. Histopathological examination of target organs would further establish tissue-level evidence of damage corresponding to the physiological and behavioural alterations documented here: gill lamellar fusion and oedema would corroborate the observed respiratory distress; hepatic vacuolation and parenchymal disruption would reflect detoxification burden; renal tubular damage would indicate systemic toxic load; and neuronal degeneration in brain tissue would provide direct evidence of the neuropathological basis of equilibrium loss and reduced stimulus responsiveness [61]. Oxidative stress biomarkers — including malondialdehyde (lipid peroxidation index), superoxide dismutase, catalase, and reduced glutathione — would characterise secondary oxidative mechanisms contributing to time-dependent toxicity [62]. Incorporation of these biochemical and histopathological measurements in future studies would substantially enhance the mechanistic interpretation of toxicity outcomes and directly address the primary scientific gap identified in this work.

Future research should also prioritise the following:

10. Biochemical biomarker integration: As described above — AChE activity, oxidative stress indices, and histopathology of brain, gill, liver, and kidney tissues.
11. Chronic toxicity and recovery studies: Extended exposure (≥28 days) followed by depuration in clean water to assess bioaccumulation kinetics, chronic effect thresholds, and reversibility of behavioural and physiological impairments [63].
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12. Multiple stressor experiments: Combined exposure to monocrotophos with other environmental stressors (elevated temperature, hypoxia, ammonia, co-occurring pesticides) to assess interactive and cumulative effects representative of field conditions [64].

4. Early life stage sensitivity: Developmental toxicity studies on embryonic and larval fish, which are typically more sensitive to pesticides due to incomplete detoxification development, to assess population-level recruitment implications [65].

5. Field validation studies: Monitoring of AChE activity, histopathological condition, and behavioural responses in fish populations from water bodies receiving agricultural runoff to validate laboratory findings under ecologically realistic conditions and establish field-based effect concentrations [66].

6. Bioremediation approaches: Investigation of microbial degradation pathways and phytoremediation potential of aquatic macrophytes for monocrotophos removal from agricultural drainage systems [66].

Regulatory and Management Implications
The findings of this study provide scientific evidence supporting the following recommendations:

13. Adoption of extended bioassay protocols: Regulatory toxicity testing guidelines should incorporate 7-day or 14-day exposure periods for pesticides with bioaccumulation potential or cumulative mechanisms of action such as organophosphates, to yield more ecologically realistic toxicity estimates [68].
14. Integration of behavioural endpoints: Standardised behavioural assessment protocols should be incorporated into pesticide risk assessment frameworks to capture sublethal effects relevant to ecological fitness that mortality-based assays fail to detect [55].
15. Species sensitivity distributions: Development of comprehensive toxicity databases incorporating multiple fish species would enable derivation of species sensitivity distributions (SSDs) and more robust, probabilistic water quality criteria [69].

4. Buffer zones and best management practices: Agricultural practices should include vegetated buffer strips, constructed wetlands for runoff treatment, and controlled drainage systems to reduce pesticide transport to aquatic ecosystems [70].

5. Integrated pest management: Reduction of organophosphate dependency through IPM strategies — incorporating biological control agents, pest-resistant crop varieties, crop rotation, and precision application technologies — would reduce environmental contamination while maintaining agricultural productivity [71].
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6. Monitoring and surveillance: Regular monitoring of monocrotophos concentrations in surface waters, sediments, and aquatic biota in agricultural regions would assess compliance with water quality standards, identify high-risk areas, and evaluate management effectiveness [72].

────────────────────────────────────────────────── ──────────


Conclusions
This study provides comprehensive data on the acute toxicity and behavioural effects of monocrotophos in Oreochromis mossambicus, demonstrating significant time-dependent increases in toxicity and characteristic sequential behavioural alterations indicative of neurotoxic impairment at environmentally relevant concentrations. The key findings are summarised below:

16. Time-dependent toxicity: Probit analysis yielded 7-day and 14-day LC50 values of 3.6 ppm (95% CI: 3.2–4.1) and 2.4 ppm (95% CI: 2.1–2.7), respectively — a statistically significant 33% reduction. This decline reflects bioaccumulation, sustained AChE inhibition, and potential detoxification saturation; cumulative effects not captured by standard 96-hour protocols.
17. Behavioural impairment patterns: Quantitative assessment revealed characteristic sequential alterations — initial erratic swimming (24–48 h) → loss of equilibrium and reduced responsiveness (days 3–7) → respiratory distress and mucus secretion (days 7–14) — occurring at concentrations below the LC50, with 25–55% of fish displaying various impairments at 2.0 ppm and 40–85% at 3.0 ppm by day 14.
18. Concentration-dependent and time-dependent effects: Both mortality and behavioural endpoints showed clear dose-response relationships and temporal progression. At 3.0 ppm, erratic swimming increased from 70% (day 7) to 85% (day 14), and loss of balance from 60% to 75%.

4. Ecological risk: The 14-day LC50 of 2.4 ppm and behavioural effect concentrations of 1.0–3.0 ppm overlap with monocrotophos concentrations measured in agricultural runoff (0.01–5.0 ppm), indicating significant ecological risk to fish populations in contaminated watersheds.

5. Methodological implications: Extended bioassay periods (7–14 days) combined with quantitative behavioural assessment provide more ecologically realistic hazard evaluation than conventional 96-hour mortality tests. Behavioural endpoints serve as sensitive early-warning indicators of sublethal neurotoxicity.

6. Management recommendations: Findings support: (a) adoption of extended bioassay protocols in regulatory toxicity testing; (b) integration of behavioural endpoints in
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ecological risk assessment; (c) stricter regulation and progressive phase-out of monocrotophos in agricultural applications; and (d) implementation of best management practices (buffer zones, constructed wetlands, IPM) to minimise pesticide contamination of aquatic ecosystems. Future studies incorporating AChE enzyme assays, oxidative stress biomarkers, and histopathological evaluation of gill, liver, kidney, and brain tissue are strongly recommended to mechanistically validate and extend the present findings under both laboratory and field conditions.
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These additions would update the reference base and reinforce the contemporary relevance of the study.
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