


Climate Change Intensifies Azoxystrobin Toxicity in Grass Carp (Ctenopharyngodon idella)

ABSTRACT
Climate change is increasingly altering freshwater ecosystems and enhancing chemical toxicity in aquaculture environments. The present study investigated the combined effects of climate-related stressors and azoxystrobin exposure on grass carp (Ctenopharyngodon idella). A semi-static experimental design was employed to evaluate behavioural, physiological, haematological, biochemical, and histopathological responses under elevated temperature and reduced dissolved oxygen conditions simulating climate-amplified stress. Exposed fish exhibited behavioural abnormalities including erratic swimming, increased opercular movement, surface gulping, and reduced feeding activity. Significant reductions in oxygen consumption, haemoglobin concentration, erythrocyte count, and haematocrit values were observed, whereas leukocyte counts increased markedly, indicating systemic physiological stress. Biochemical analysis revealed elevated lipid peroxidation and decreased antioxidant enzyme activities, confirming oxidative stress and impaired antioxidant defence mechanisms. Histopathological examination demonstrated tissue damage in the gills, liver, kidney, and intestine. Toxic effects were significantly more severe under combined climate-stress and pesticide exposure conditions than under pesticide exposure alone, indicating that climate change intensifies azoxystrobin toxicity in freshwater fish. The findings suggest that climate-amplified pesticide stress may adversely affect fish health, aquaculture productivity, and freshwater biodiversity. The study highlights the importance of integrating climate-related variables into aquatic toxicological risk assessment and sustainable aquaculture management strategies.
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1. INTRODUCTION
Freshwater aquaculture constitutes one of the fastest-growing food-producing sectors globally and plays a crucial role in ensuring food security, nutritional sustainability, employment generation, and rural economic development, particularly in developing countries such as India (FAO, 2022). However, the long-term sustainability of freshwater aquaculture is increasingly threatened by climate change–driven environmental alterations and multiple anthropogenic stressors, including chemical contamination, habitat degradation, eutrophication, and intensive aquaculture practices. Climate change is now recognized not merely as a physical environmental phenomenon but as a multidimensional ecological stressor capable of altering aquatic ecosystem structure, water chemistry, hydrological cycles, and biological interactions (IPCC, 2023; Pörtner et al., 2021).
Among climate-associated stressors, rising water temperature represents one of the most critical threats to freshwater fish and aquaculture productivity. Elevated temperature reduces dissolved oxygen solubility while simultaneously increasing metabolic oxygen demand in fish, thereby creating chronic hypoxic conditions that impair physiological performance and stress tolerance (Pörtner & Farrell, 2008; Sokolova, 2013). In aquaculture ponds and freshwater reservoirs, climate warming also promotes thermal stratification, eutrophication, and cyanobacterial blooms, which further deteriorate water quality and compromise fish health (Jenny et al., 2016; Paerl & Otten, 2013). Such environmental disturbances may increase susceptibility to infectious diseases because thermal stress weakens immune competence and facilitates pathogen proliferation in intensive aquaculture systems (Marcogliese, 2008; FAO, 2022). Consequently, climate-induced changes in aquatic environments are increasingly linked to reduced fish productivity, increased mortality, and biodiversity decline.
Recent advances in aquatic toxicology have highlighted that climate change is a significant modifier of contaminant toxicity rather than an isolated environmental stressor (Noyes et al., 2009; Holmstrup et al., 2010). Environmental variables such as temperature, pH, salinity, and dissolved oxygen strongly influence the uptake, bioaccumulation, metabolism, and detoxification of xenobiotics including pesticides, fungicides, pharmaceuticals, and heavy metals (Heugens et al., 2001). Elevated temperature may increase membrane permeability and accelerate chemical reaction rates, thereby enhancing toxicant absorption and metabolic disruption in aquatic organisms (Ferreira et al., 2021). Similarly, hypoxic stress limits aerobic metabolism and reduces the energy available for detoxification and tissue repair mechanisms, thereby intensifying cellular injury and physiological dysfunction (Diaz & Breitburg, 2009). These interactions demonstrate that conventional toxicity assessments conducted under constant laboratory conditions may substantially underestimate ecological risks under realistic climate scenarios.
Agricultural intensification has resulted in widespread contamination of freshwater ecosystems with pesticides and fungicides. Among these contaminants, strobilurin fungicides such as azoxystrobin are widely used for their broad-spectrum antifungal activity and agricultural efficacy (Rico et al., 2018). However, azoxystrobin residues frequently enter aquatic ecosystems through agricultural runoff and exhibit significant toxicity toward non-target aquatic organisms (Velisek et al., 2013). Azoxystrobin primarily disrupts mitochondrial respiration by inhibiting electron transport pathways, thereby impairing ATP synthesis and cellular energy metabolism. Previous investigations have demonstrated that azoxystrobin exposure induces behavioural abnormalities, oxidative stress, respiratory impairment, and physiological dysfunction in freshwater fish species (Velisek et al., 2013; Zhang et al., 2020).
Recent studies on grass carp (Ctenopharyngodon idella) have further demonstrated that azoxystrobin exposure significantly reduces oxygen consumption, alters antioxidant defence systems, and induces oxidative stress–mediated toxicity, even at environmentally relevant concentrations (Anapana & Rathnamma, 2025a). Behavioural alterations including erratic swimming, reduced locomotor activity, increased opercular movement, and respiratory distress have also been reported following azoxystrobin exposure in freshwater fish (Anapana & Rathnamma, 2025b). In addition, haematological disturbances such as reductions in haemoglobin concentration, erythrocyte count, and haematocrit values indicate impaired oxygen transport and physiological stress responses in exposed fish populations (Anapana et al., 2024). Histopathological investigations further revealed severe multiorgan tissue damage involving the gills, liver, kidney, and intestine, thereby confirming the systemic toxic effects of azoxystrobin exposure (Anapana & Vakita, 2026).
Oxidative stress has emerged as a central mechanism linking climate-related stressors and aquatic toxicology. Elevated reactive oxygen species (ROS) production damages proteins, lipids, nucleic acids, and cellular membranes, resulting in impaired physiological homeostasis and tissue degeneration (Lushchak, 2011). The interaction between climate warming and pesticide exposure may accelerate ROS generation through mitochondrial dysfunction and increased metabolic demand, thereby intensifying oxidative damage in freshwater organisms (Ferreira et al., 2021). Emerging contaminants such as microplastics, pesticide residues, and cyanotoxins may further aggravate ecological stress by disrupting neurophysiological, endocrine, and immunological functions in fish and other aquatic organisms (Gopal Anapana & Rathnamma, 2024; Svirčev et al., 2019; Merugumalla et al., 2025).
Climate change–induced toxic stress also poses a major threat to freshwater biodiversity and ecosystem stability. Combined climatic and chemical stressors may alter species composition, favour pollution-tolerant taxa, reduce reproductive success, and accelerate the decline of sensitive native fish species (Dudgeon et al., 2006; Reid et al., 2019; Jackson et al., 2021). Such ecological disturbances may ultimately compromise ecosystem resilience, trophic interactions, and freshwater food-web dynamics. Consequently, sustainable mitigation approaches including improved water quality management, reduced chemical inputs, continuous biomonitoring, and microbial bioremediation strategies have gained increasing importance for protecting freshwater ecosystems under changing climate conditions (Gopal Anapana, 2026).
Despite growing recognition of climate–toxicant interactions, relatively few studies have comprehensively evaluated the combined effects of climate-related stressors and pesticide exposure under realistic aquaculture conditions. Therefore, the present study investigated climate change–induced toxic stress in freshwater aquaculture using C. idella as a model organism, with particular emphasis on behavioural, physiological, haematological, biochemical, and histopathological responses following azoxystrobin exposure. The study further aimed to evaluate the ecological implications of climate-amplified pesticide toxicity for fish health, aquaculture sustainability, and freshwater biodiversity conservation.
2. MATERIALS AND METHODS
2.1 Experimental Fish and Acclimatization
Healthy juvenile grass carp, C. idella (mean weight: 7.12 ± 0.54 g; mean total length: 6.45 ± 0.28 cm; n = 150), were procured from a certified freshwater aquaculture hatchery in Andhra Pradesh, India. The fish were transported in oxygenated containers and acclimatized for 15 days in 300-L fiberglass tanks containing aerated and dechlorinated tap water under laboratory conditions. Water used for experimentation was dechlorinated through continuous aeration for 48 h prior to use. During acclimatization, water quality parameters were maintained as follows: temperature 27 ± 1.5°C, pH 7.2–7.5, dissolved oxygen ≥6.5 mg/L, and a 12 h light:12 h dark photoperiod. Fish were fed a commercial pelleted diet (35% crude protein; Growel Feeds Pvt. Ltd., India) at 2% body weight per day. Feeding was discontinued 24 h prior to exposure. Only healthy and active fish were selected for experimentation.
2.2 Experimental Design and Climate-Relevant Conditions
A semi-static experimental design was adopted to evaluate climate change–amplified toxic stress induced by azoxystrobin exposure. Fish were randomly divided into control and treatment groups with triplicate sets for each experimental condition. Climate-relevant stress conditions were simulated by elevating temperature and reducing dissolved oxygen levels to mimic warming-associated hypoxic conditions in freshwater aquaculture systems. Water temperature and dissolved oxygen were monitored daily following standard APHA methods.
2.3 Chemical Exposure Protocol
Commercial azoxystrobin formulation (25% SC) was used as the test toxicant. Stock solutions were prepared using dechlorinated water without the addition of solvent. Exposure concentrations were selected based on previously determined LC₅₀ values and environmentally relevant sublethal levels. Fish were exposed to acute (1.6 ppm for 24 h) and sublethal concentrations (0.16 ppm for 4–8 days) of azoxystrobin under controlled laboratory conditions. Control groups were maintained in toxicant-free water. Test media were renewed every 24 h to maintain water quality and toxicant stability.
2.4 Water Quality Analysis
Water quality parameters including temperature, pH, dissolved oxygen, total hardness, and alkalinity were monitored regularly according to standard methods described by the American Public Health Association. All parameters were maintained within acceptable limits for freshwater fish culture except for controlled climate-related variations introduced experimentally.
2.5 Behavioural and Physiological Assessment
Behavioural responses such as erratic swimming, surfacing activity, opercular movement, loss of equilibrium, and feeding behaviour were recorded throughout the exposure period. Oxygen consumption was estimated using a closed respirometric method to evaluate respiratory and metabolic stress associated with azoxystrobin exposure under climate-amplified conditions.
2.6 Haematological Analysis
At the end of exposure, blood samples were collected from the caudal vein using heparinized syringes. Haematological parameters including haemoglobin concentration (Hb), red blood cell count (RBC), white blood cell count (WBC), and haematocrit (Hct) were analysed using standard laboratory procedures.
2.7 Biochemical and Histopathological Analysis
Gill, liver, kidney, and intestine tissues were excised and processed for biochemical and histopathological examination. Oxidative stress biomarkers and antioxidant enzyme activities were determined spectrophotometrically using standard protocols. For histopathological analysis, tissues were fixed in 10% neutral buffered formalin, dehydrated through graded ethanol series, embedded in paraffin wax, sectioned at 5 µm thickness, and stained with haematoxylin and eosin (H&E). Histological alterations were examined under a light microscope and documented photographically.
2.8 Statistical Analysis
All data are expressed as mean ± standard deviation (SD). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Differences were considered statistically significant at p < 0.05.
3. RESULTS AND DISCUSSION
The present investigation demonstrated that climate change–related environmental stressors substantially intensified azoxystrobin-induced toxicity in freshwater fish. Elevated temperature and reduced dissolved oxygen acted synergistically with pesticide exposure, resulting in pronounced behavioural abnormalities, respiratory impairment, haematological disturbances, oxidative stress, and multiorgan histopathological damage in C. idella. These findings indicate that climate variability significantly modifies toxicant bioavailability, physiological tolerance, and stress adaptation capacity in freshwater aquaculture systems. Recent aquatic toxicology studies increasingly recognize climate change as a critical modifier of contaminant toxicity rather than an independent environmental stressor (Noyes et al., 2009; Holmstrup et al., 2010). The present findings support this concept by demonstrating amplified physiological disruption under combined thermal and chemical stress conditions. The following observations primarily correspond to sublethal exposure conditions after 4–8 days of treatment.
3.1 Water Quality Dynamics and Climate-Relevant Stress
Water quality parameters remained stable within acceptable limits in the control groups throughout the exposure period. However, fish exposed to azoxystrobin under elevated temperature conditions exhibited significant reductions in dissolved oxygen concentrations and increased metabolic stress (p < 0.05). Elevated water temperature reduced oxygen solubility while simultaneously increasing respiratory demand, thereby creating hypoxic conditions that intensified pesticide toxicity.
Table 1. Water quality parameters under experimental conditions
	Parameter
	Control
	Azoxystrobin Exposure
	Elevated Temperature + Azoxystrobin

	Temperature (°C)
	27.1 ± 0.5
	27.4 ± 0.6
	31.2 ± 0.7*

	Dissolved Oxygen (mg/L)
	6.8 ± 0.3
	5.9 ± 0.2*
	4.7 ± 0.3*

	pH
	7.3 ± 0.2
	7.2 ± 0.1
	7.1 ± 0.2

	Total Hardness (mg/L)
	146 ± 5
	148 ± 4
	145 ± 6


*Significant difference compared with control (p < 0.05).
These observations are consistent with reports by Ficke et al. (2007) and Pörtner & Farrell (2008), who demonstrated that warming-associated hypoxia reduces aerobic scope and physiological performance in freshwater fish. Similar climate-associated reductions in dissolved oxygen have been linked to enhanced toxicant uptake and impaired detoxification mechanisms in aquatic organisms (Matolia et al., 2024). The interaction between elevated temperature and pesticide exposure may increase membrane permeability and accelerate xenobiotic absorption, thereby intensifying toxicological responses (Holmstrup et al., 2010). Such climate-amplified alterations are particularly important in intensive aquaculture systems where thermal stratification and eutrophication already predispose fish to chronic hypoxic stress.
3.2 Behavioural and Physiological Disruption
Fish exposed to azoxystrobin exhibited pronounced behavioural abnormalities including erratic swimming, hyperactivity, increased opercular movement, surface gulping, loss of equilibrium, and reduced feeding activity. These behavioural impairments progressively increased with exposure duration and were more severe at elevated temperatures.
Table 2. Behavioural and physiological responses in exposed fish
	Parameter
	Control
	Treated Group

	Swimming behaviour
	Normal
	Erratic

	Feeding activity
	Active
	Reduced

	Opercular movement
	Normal
	Increased

	Surface gulping
	Absent
	Frequent

	Oxygen consumption (mg O₂/g/h)
	0.82 ± 0.04
	0.51 ± 0.03*


*Significant difference compared with control (p < 0.05).
Behavioural changes represent sensitive early biomarkers of aquatic toxicity and reflect neurophysiological dysfunction caused by pesticide exposure (Scott & Sloman, 2004). The present findings strongly agree with previous investigations by Anapana & Rathnamma (2025b), who reported severe behavioural disturbances and respiratory stress in grass carp following azoxystrobin exposure.
The significant decline in oxygen consumption observed in the present study further indicates impaired mitochondrial respiration and reduced aerobic metabolism. Azoxystrobin is known to inhibit mitochondrial electron transport pathways, thereby disrupting ATP synthesis and cellular energy production (Velisek et al., 2013). Under warming conditions, elevated metabolic demand combined with reduced oxygen availability creates a severe physiological imbalance that compromises growth, survival, and stress tolerance. Similarly, Anapana & Rathnamma (2025a) reported reduced oxygen consumption and metabolic dysfunction in grass carp exposed to azoxystrobin, supporting the hypothesis that mitochondrial impairment is a major mechanism underlying pesticide-induced respiratory toxicity.
3.3 Haematological Alterations and Systemic Stress
Haematological analysis revealed significant systemic stress in exposed fish. Haemoglobin concentration, erythrocyte count, and haematocrit values decreased significantly, whereas leukocyte counts increased markedly in treated groups (p < 0.05).
Table 3. Haematological parameters in control and treated fish
	Parameter
	Control
	Treated Group

	Haemoglobin (g/dL)
	11.8 ± 0.5
	8.6 ± 0.4*

	RBC (×10⁶/mm³)
	2.9 ± 0.2
	1.8 ± 0.1*

	WBC (×10³/mm³)
	24.3 ± 1.5
	37.8 ± 2.1*

	Haematocrit (%)
	34.5 ± 1.4
	24.2 ± 1.1*


*Significant difference compared with control (p < 0.05).
Reduced erythrocytic parameters indicate impaired oxygen transport capacity and anaemia-like conditions associated with pesticide toxicity. Such alterations may arise from erythrocyte destruction, inhibition of haemopoiesis, or oxidative damage to blood cells. The present findings closely correspond with those of Anapana et al. (2024), who reported significant haematological impairment in freshwater fish exposed to azoxystrobin. Similar pesticide-induced haematotoxicity has also been documented in multiple freshwater teleosts exposed to agrochemicals and heavy metals (Sinha et al., 2019).
In contrast, elevated leukocyte counts suggest activation of immune and inflammatory responses. Initially, leucocytosis may represent an adaptive defence mechanism; however, prolonged immune stimulation under chronic climate stress may eventually result in immunosuppression and increased disease susceptibility (Marcogliese, 2008; FAO, 2022). Climate-induced warming further exacerbates these responses by increasing metabolic demand and oxidative stress, thereby reducing physiological resilience and adaptive capacity in freshwater fish populations.
3.4 Oxidative Stress as a Central Toxicological Mechanism
Biochemical analysis demonstrated significant oxidative stress in exposed fish tissues. Lipid peroxidation levels increased markedly in the gill and liver tissues, whereas antioxidant enzyme activities significantly declined.
Table 4. Oxidative stress biomarkers in exposed fish
	Biomarker
	Control
	Treated Group

	Lipid Peroxidation (nmol MDA/mg protein)
	1.9 ± 0.2
	4.8 ± 0.4*

	Catalase Activity
	32.5 ± 1.8
	20.1 ± 1.5*

	Superoxide Dismutase
	18.7 ± 1.2
	10.4 ± 0.8*


*Significant difference compared with control (p < 0.05).
Oxidative stress represents a major biochemical mechanism underlying pesticide toxicity in aquatic organisms. Elevated reactive oxygen species (ROS) production damages lipids, proteins, nucleic acids, and cellular membranes, ultimately impairing physiological homeostasis. The interaction between climate warming and pesticide exposure likely accelerated ROS generation through mitochondrial dysfunction and increased metabolic demand. Similar oxidative disturbances were previously documented by Anapana & Rathnamma (2025a), who demonstrated elevated lipid peroxidation and antioxidant imbalance in azoxystrobin-exposed grass carp.
Lushchak (2011) emphasized that environmental stressors including warming, hypoxia, and contaminants often converge through oxidative pathways, resulting in cumulative cellular damage. Furthermore, Ferreira et al. (2021) reported that contaminant toxicity becomes increasingly temperature-dependent under climate change scenarios. Emerging pollutants such as microplastics may further intensify oxidative and neurophysiological stress in freshwater fish (Gopal Anapana & Rathnamma, 2024), highlighting the growing complexity of multistressor interactions in aquatic ecosystems.
3.5 Histopathological Evidence of Multiorgan Toxicity
Histopathological examination revealed severe tissue damage in gill, liver, kidney, and intestine tissues of exposed fish.
Table 5. Histopathological alterations observed in exposed fish
	Organ
	Histopathological alteration

	Gill
	Lamellar fusion, epithelial lifting

	Liver
	Vacuolation, necrosis

	Kidney
	Tubular degeneration

	Intestine
	Mucosal erosion


Gill tissues exhibited epithelial lifting, congestion, lamellar fusion, and degeneration, indicating impaired respiratory efficiency and gas exchange. Liver tissues showed hepatocellular vacuolation, necrosis, and sinusoidal dilation, suggesting compromised detoxification and metabolic regulation. Kidney tissues revealed tubular degeneration and glomerular shrinkage, whereas intestinal tissues presented mucosal erosion and inflammatory infiltration. The severity of lesions increased under elevated temperature conditions, indicating synergistic interactions between climate stress and pesticide toxicity.
These findings strongly correspond with the multiorgan histopathological alterations reported by Anapana & Vakita (2026), who demonstrated significant tissue degeneration in azoxystrobin-exposed grass carp. Similar pathological changes have also been recognized as important biomarkers of aquatic pollution by Hinton et al. (2001) and Bernet et al. (2004). Under climate-driven hypoxia, tissue repair mechanisms become energetically constrained, thereby prolonging cellular damage and reducing recovery capacity. Consequently, chronic exposure to combined climatic and chemical stressors may substantially impair fish survival and aquaculture productivity.
3.6 Integrated Ecotoxicological and Biodiversity Implications
The present findings demonstrate that climate change substantially amplifies pesticide toxicity in freshwater aquaculture systems through integrated physiological, biochemical, and cellular stress pathways. The observed stress-response cascade involved behavioural disruption, respiratory impairment, oxidative stress, haematological imbalance, and multiorgan tissue damage. These responses collectively reduce physiological resilience and adaptive capacity in freshwater fish populations.
Climate-amplified toxic stress may therefore reduce aquaculture productivity, increase disease outbreaks, impair reproductive success, and accelerate freshwater biodiversity loss. Pollution-sensitive taxa are particularly vulnerable under such conditions, whereas tolerant species may become ecologically dominant, thereby altering ecosystem structure and functioning (Reid et al., 2019). Furthermore, combined exposure to pesticides, microplastics, and heavy metals may intensify ecological deterioration in freshwater ecosystems. Sustainable mitigation approaches such as microbial bioremediation and reduced chemical usage therefore become increasingly important under future climate scenarios (Gopal Anapana, 2026). The present study emphasizes the urgent need to integrate climate variables into aquatic toxicological risk assessment frameworks. Conventional toxicity studies conducted under static laboratory conditions may underestimate real-world ecological risks associated with climate change–induced multistressor environments.
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Figure: Integrated behavioural, physiological, biochemical, haematological, and histopathological responses in C. idella under climate-amplified azoxystrobin exposure. 
Integrated toxicological responses of grass carp exposed to azoxystrobin under climate-amplified environmental conditions. (F1) Behavioural stress and reduction in oxygen consumption under increasing exposure conditions. (F2) Climate-induced oxidative stress pathway illustrating reactive oxygen species (ROS)-mediated cellular damage mechanisms. (F3) Representative histopathological alterations in gill, liver, kidney, and intestine tissues of exposed fish. (F4) Integrated climate–toxic stress cascade affecting fish physiology and freshwater biodiversity. (F5) Haematological alterations including changes in haemoglobin concentration, erythrocyte count, leukocyte count, and haematocrit values. (F6) Oxidative stress biomarkers showing increased lipid peroxidation and decreased antioxidant enzyme activities in exposed fish. Values are expressed as mean ± SD (n = 6). Asterisks (*) indicate statistically significant differences compared with control groups (p < 0.05).
4. CONCLUSION
The present study demonstrated that climate change–related environmental stressors significantly amplify azoxystrobin-induced toxicity in freshwater aquaculture systems, resulting in severe physiological, biochemical, haematological, and histopathological disturbances in C. idella. Elevated temperature and reduced dissolved oxygen acted synergistically with pesticide exposure to intensify behavioural abnormalities, impair respiratory metabolism, induce oxidative stress, alter blood parameters, and cause multiorgan tissue damage. 
The findings clearly indicate that climate variability functions as a potent modifier of aquatic toxicology by increasing toxicant bioavailability and reducing the adaptive capacity of freshwater fish. Oxidative stress emerged as a central mechanistic pathway linking climate-amplified pesticide exposure to systemic physiological dysfunction and cellular injury. The observed reduction in haemoglobin concentration, erythrocyte count, oxygen consumption, and antioxidant enzyme activities further confirms the severe metabolic burden imposed by combined climatic and chemical stressors.
Histopathological alterations in the gill, liver, kidney, and intestine demonstrated progressive multiorgan toxicity and reduced tissue recovery potential under warming-associated hypoxic conditions. Such chronic sublethal effects may significantly compromise fish growth, immunity, reproductive performance, and aquaculture productivity. In addition to economic impacts on freshwater aquaculture, prolonged exposure to climate-amplified toxic stress may alter species composition, reduce ecological resilience, and accelerate freshwater biodiversity decline by favouring pollution-tolerant taxa over sensitive native species.
The present study emphasizes the urgent need to incorporate climate-related environmental variables into aquatic toxicological risk assessment frameworks and pesticide management strategies. Conventional toxicity evaluations conducted under static laboratory conditions may underestimate the ecological risks associated with future climate scenarios. Sustainable aquaculture development will therefore require climate-resilient management approaches, including improved water quality monitoring, reduction of chemical inputs, continuous biomarker-based health assessment, and environmentally safe remediation strategies.
Future research should prioritize long-term multistressor investigations involving combined climatic variables, emerging contaminants, and region-specific aquaculture conditions to better predict ecological risks and support the conservation of freshwater biodiversity under changing global climate conditions.
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Figure 1. Behavioural Stress and Oxygen Consumption
in Grass Carp under Climate-Amplified Azoxystrobin Exposure
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Figure 2. Climate-Induced Oxidative Stress Pathway
in Azoxystrobin-Exposed Freshwater Fish
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Figure 4. Integrated Climate-Toxic Stress Cascade

Figure 5. Haematological Alterations in Grass Carp
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Figure 6. Oxidative Stress Biomarkers
in Azoxystrobin-Exposed Grass Carp
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