


Influence of Altered pH Conditions on Survival and Biochemical Responses of Freshwater Fish in the Ambikapur Region, Chhattisgarh, India


ABSTRACT
Freshwater ecosystems of the Ambikapur region of Surguja district, Chhattisgarh, India, are increasingly subject to pH perturbation arising from coal mining, agricultural runoff, and industrial and municipal discharge. The present study evaluated the survival, haematological, and oxidative stress responses of three freshwater fish species—Labeo rohita, Catla catla, and Cyprinus carpio—exposed to acidic and alkaline pH conditions under controlled laboratory settings. Acute static-renewal bioassays were conducted across a pH gradient of 4.0–10.5 to establish 24-, 48-, 72-, and 96-h median lethal pH (LC50) values, followed by sublethal chronic exposure at control (pH 7.5), acidic (pH 5.5), and alkaline (pH 9.5) treatments for 15, 30, and 60 days. Cyprinus carpio exhibited the broadest pH tolerance and Catla catla the narrowest across all durations. Sublethal exposure produced progressive, significant reductions in erythrocyte parameters (RBC, haemoglobin, haematocrit) and a compensatory leucocytosis in both treatments, with acidic conditions generally more disruptive than alkaline conditions of comparable magnitude. Oxidative stress biomarkers in gill, liver, and kidney tissue showed a biphasic pattern of antioxidant enzyme induction followed by exhaustion, accompanied by progressive lipid peroxidation and glutathione depletion, with gill tissue emerging as the most sensitive. These findings establish a quantitative, multi-tiered characterisation of pH-induced physiological stress in regionally important freshwater fish species and provide a scientific basis for locally relevant water quality criteria and conservation planning in coal mining-affected central Indian freshwater systems. 
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1. INTRODUCTION
Freshwater ecosystems, despite covering less than one percent of the Earth's surface, support a disproportionately large share of global biodiversity (Dudgeon et al., 2006). Among the physicochemical variables governing the ecological integrity of these systems, pH functions as a master variable, controlling nutrient availability, pollutant toxicity, chemical speciation, and the physiological functioning of aquatic organisms (Boyd, 2015). Deviations from the optimal pH range impose significant physiological and biochemical stress on freshwater fauna, particularly fish, whose survival, reproduction, and productivity are tightly coupled to the chemical equilibrium of their aquatic environment (Fromm, 1980).
Recent synthesis indicates that physicochemical factors, including pH, dissolved oxygen, temperature, salinity, hardness, alkalinity, and pollutant load, can modify redox regulation and oxidative-stress physiology in fish (Menon et al., 2023).
The Ambikapur region of Surguja district, Chhattisgarh, in central India, is an ecologically sensitive zone whose rivers, streams, and impoundments support a rich ichthyofaunal assemblage, including commercially and culturally important species such as Labeo rohita, Catla catla, Cirrhinus mrigala, and Cyprinus carpio. Intensifying anthropogenic pressures—including coal mining activity, agricultural runoff, untreated municipal effluent, and riparian deforestation—have the potential to alter the water chemistry of these systems. Studies from Indian coalfields have documented degraded mine-water quality and fish-health effects associated with coal-mining effluents (Singh et al., 2012; Lakra et al., 2021). Acid mine drainage can depress receiving-water pH to extremely acidic values (Akcil & Koldas, 2006), while episodic alkalinisation associated with agricultural liming and algal productivity produces the opposing extreme.
Field evidence from polluted rivers further shows that suboptimal pH may occur together with reduced dissolved oxygen and elevated contaminant burdens, accompanied by tissue-specific oxidative-stress responses in fish (Denedo et al., 2025).
At the physiological level, acidic conditions disrupt branchial ion transport, competing with sodium and calcium uptake at the gill epithelium and precipitating net ionic loss (Evans et al., 2005; Kwong et al., 2014), while alkaline conditions promote the conversion of relatively benign ammonium to highly toxic un-ionised ammonia and can precipitate calcium carbonate on gill surfaces (Wood, 2001). Both extremes activate cellular stress-response pathways, generating reactive oxygen species and inducing lipid peroxidation, protein denaturation, and DNA damage (Menon et al., 2023), which the enzymatic (SOD, CAT, GPx) and non-enzymatic (GSH) antioxidant systems act to counteract.
A meta-analysis of aquatic ectothermic vertebrates reported that sustained water acidification can alter oxidative and immune endpoints, although response magnitude varies among taxa and experimental conditions (Messina et al., 2023).
Studies of fish exposed to acid-mine-drainage-affected and chemically contaminated waters have documented oxidative-stress biomarker responses (Jiri et al., 2018; Nwani et al., 2010), while coal-mine effluent has been associated with biochemical, oxidative, and histopathological alterations in fish tissues (Lakra et al., 2021). Research on Indian river systems has also documented substantial freshwater-fish biodiversity under increasing anthropogenic pressure (Sarkar et al., 2012), and controlled experiments have demonstrated pH-induced haematological and biochemical stress responses in fish (Zahangir et al., 2015). Despite this growing body of evidence, region-specific, multi-tiered data integrating acute lethality with haematological and biochemical biomarker responses remain scarce for the economically and ecologically important fish species of the Ambikapur region specifically.
A recent freshwater assessment also emphasised that pH should be interpreted alongside dissolved oxygen, ammonia, conductivity, temperature, and other water-quality variables when evaluating fish performance and physiological condition (Singh et al., 2026).
The present study was therefore designed to assess the influence of altered pH conditions, both acidic and alkaline, on the survival, haematological profile, and oxidative stress biomarker responses of Labeo rohita, Catla catla, and Cyprinus carpio collected from the Ambikapur region. The specific objectives were to: (i) determine 24-, 48-, 72-, and 96-h LC50 values for each species under laboratory-controlled acidic and alkaline conditions; (ii) evaluate haematological responses (RBC, WBC, haemoglobin, haematocrit, and differential leucocyte count) under sublethal acute and chronic exposure; and (iii) assess oxidative stress biomarkers—lipid peroxidation (MDA), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and reduced glutathione (GSH)—in gill, liver, and kidney tissues of pH-stressed fish. The findings are intended to provide a scientific basis for locally relevant water quality criteria, biomonitoring frameworks, and conservation planning in pH-impacted freshwater systems of central India.
2. MATERIALS AND METHODS
2.1 Study Area and Fish Collection
Healthy, disease-free specimens of Labeo rohita, Catla catla, and Cyprinus carpio (mean body weight 25–35 g; total length 10–13 cm) were procured from fish-rearing ponds and local water bodies of the Ambikapur region, Surguja district, Chhattisgarh, India. Fish were transported live to the laboratory in aerated containers and acclimatised for 14 days in large fibre-reinforced plastic (FRP) tanks under laboratory conditions (photoperiod 12L:12D, temperature 24–26 °C, dechlorinated and continuously aerated water) prior to the commencement of experiments. Fish were fed a commercial pelleted diet ad libitum during acclimatisation, with feeding withheld 24 h prior to experimental exposure. Mortality or abnormal behaviour during acclimatisation resulted in exclusion of the affected individuals from the study.

2.2 Experimental Design
Two sequential experimental phases were conducted. In the acute toxicity phase, static-renewal bioassays following Baird et al. (2017) guidelines were used to expose groups of ten fish per species to a series of pH treatments spanning 4.0 to 10.5, adjusted using dilute HCl or NaOH solutions and verified using a calibrated digital pH meter. Mortality was recorded at 24, 48, 72, and 96 h, and median lethal pH (LC50) values with 95% fiducial confidence limits were calculated by probit analysis (Finney, 1971). In the chronic sublethal phase, fish were exposed for 60 days to three treatments: control (pH 7.5 ± 0.2), acidic (pH 5.5 ± 0.2), and alkaline (pH 9.5 ± 0.2), corresponding to approximately 65–70% of the respective 96-h LC50 values; six replicate fish were sampled per treatment at each of three sampling intervals (days 15, 30, and 60).
2.3 Water Quality Monitoring
Water temperature, dissolved oxygen, total hardness, total alkalinity, electrical conductivity, and un-ionised ammonia were monitored every 48 h throughout the exposure period following standard methods (Baird et al., 2017), with 25% water renewal performed daily to maintain water quality and target pH within tanks fitted with continuous aeration.
2.4 Haematological Analysis
Blood samples were collected from the caudal vein of anaesthetised fish using heparinised syringes. Red blood cell (RBC) and white blood cell (WBC) counts were determined using a Neubauer haemocytometer following standard dilution procedures. Haemoglobin (Hb) concentration was estimated by the cyanmethaemoglobin method, and haematocrit (packed cell volume) was determined by the microhaematocrit centrifugation method. Differential leucocyte counts were obtained from Giemsa-stained peripheral blood smears by examining a minimum of 200 leucocytes per slide (Blaxhall & Daisley, 1973).
2.5 Tissue Collection and Biochemical Assays
At each sampling interval, fish were euthanised and gill, liver, and kidney tissues were rapidly excised, rinsed in ice-cold saline, and homogenised in chilled phosphate buffer (pH 7.4). Homogenates were centrifuged at 10,000 × g for 15 min at 4 °C, and the resulting supernatants were used for biochemical assays. Lipid peroxidation was estimated as malondialdehyde (MDA) content using the thiobarbituric acid reactive substances (TBARS) method. Superoxide dismutase (SOD) activity was assayed by the pyrogallol autoxidation inhibition method (Marklund & Marklund, 1974), catalase (CAT) activity by the rate of hydrogen peroxide decomposition (Aebi, 1984), glutathione peroxidase (GPx) activity following Rotruck et al. (1973), and reduced glutathione (GSH) content by the method of Ellman (1959). Total protein content of tissue homogenates was estimated by the Lowry method (Lowry et al., 1951) for normalisation of enzyme activities.
2.6 Statistical Analysis
LC50 values and 95% fiducial confidence limits were computed by probit regression analysis. Haematological and biochemical data are expressed as mean ± standard deviation (n = 6). Differences among treatment groups were evaluated by one-way and two-way analysis of variance (ANOVA) followed by Tukey's honestly significant difference (HSD) post hoc test, with p < 0.05 considered statistically significant. Pearson correlation coefficients were computed to assess relationships between pH deviation and biomarker responses. All statistical analyses were performed using SPSS (v.26) and GraphPad Prism (v.9).
3. RESULTS
This section presents the survival, haematological, and biochemical responses of the three freshwater fish species—Labeo rohita, Catla catla, and Cyprinus carpio—collected from the Ambikapur region of Surguja district, Chhattisgarh, following controlled laboratory exposure to acidic and alkaline pH regimes. Fish were subjected to acute static-renewal bioassays across a pH gradient of 4.0 to 10.5 to determine 24-, 48-, 72-, and 96-h median lethal pH (LC50) values, followed by sublethal chronic exposure trials at three pH treatments—control (pH 7.5 ± 0.2), acidic (pH 5.5 ± 0.2), and alkaline (pH 9.5 ± 0.2)—for durations of 15, 30, and 60 days, during which haematological and oxidative stress parameters were assessed in gill, liver, and kidney tissues. All values are expressed as mean ± standard deviation (n = 6 per treatment group). One-way ANOVA followed by Tukey's post hoc test was used for inter-group comparisons, and values bearing different superscript letters within a row differ significantly (p < 0.05).
3.1 Physicochemical Characteristics of the Experimental Water
The baseline physicochemical parameters of dechlorinated municipal water used for the acclimatisation and exposure trials, prior to pH adjustment, are summarised in Table 1. Except for the deliberately manipulated pH, all other water quality parameters were maintained within narrow, biologically tolerable ranges throughout the exposure period through daily monitoring and partial water renewal, minimising the confounding influence of ancillary variables such as dissolved oxygen depletion or ammonia accumulation on the observed biological responses.
Table 1. Physicochemical parameters of experimental water during the exposure period (mean ± SD, n = 6).
	Parameter
	Control (pH 7.5)
	Acidic (pH 5.5)
	Alkaline (pH 9.5)

	Temperature (°C)
	24.8 ± 0.6
	24.6 ± 0.5
	24.9 ± 0.7

	Dissolved oxygen (mg/L)
	6.9 ± 0.3
	6.4 ± 0.4
	6.2 ± 0.3

	Total hardness (mg/L CaCO₃)
	112 ± 6
	104 ± 8
	118 ± 7

	Total alkalinity (mg/L CaCO₃)
	96 ± 5
	62 ± 6
	134 ± 9

	Electrical conductivity (µS/cm)
	312 ± 14
	338 ± 18
	329 ± 16

	Un-ionized ammonia (mg/L)
	0.012 ± 0.002
	0.008 ± 0.002
	0.041 ± 0.005


Values represent means of triplicate measurements taken every 48 h across the exposure period.
3.2 Acute Toxicity Response and Median Lethal pH (LC50) Values
Mortality among all three species increased in a clearly pH- and duration-dependent manner on both the acidic and alkaline sides of the tested range. At the most extreme acidic treatment (pH 4.0), onset of mortality was observed within 6–10 hours of exposure across all species, preceded by characteristic behavioural signs, including erratic surfacing, increased opercular beat frequency, loss of equilibrium, excessive mucus secretion, and periodic air-gulping. At the most extreme alkaline treatment (pH 10.5), mortality was somewhat delayed relative to the acidic extreme but was accompanied by pronounced gill surface discolouration and lethargy prior to death, consistent with ammonia-mediated toxicity superimposed on direct alkaline stress.
Cyprinus carpio consistently exhibited the greatest tolerance to both pH extremes among the three species tested, while Catla catla was the most sensitive, particularly under acidic conditions. Labeo rohita occupied an intermediate position. The 24-, 48-, 72-, and 96-h LC50 values, calculated using probit analysis with 95% fiducial confidence limits, are presented separately for the acidic (Table 2) and alkaline (Table 3) exposure series.
Table 2. Acid-side median lethal pH (LC50) values with 95% confidence limits for three freshwater fish species.
	Species
	24-h LC50
	48-h LC50
	72-h LC50
	96-h LC50

	Labeo rohita
	4.21 (4.05–4.38)
	4.38 (4.24–4.53)
	4.52 (4.39–4.66)
	4.61 (4.48–4.75)

	Catla catla
	4.05 (3.88–4.22)
	4.19 (4.03–4.36)
	4.33 (4.18–4.49)
	4.44 (4.29–4.60)

	Cyprinus carpio
	3.84 (3.66–4.02)
	3.97 (3.80–4.15)
	4.10 (3.93–4.28)
	4.22 (4.05–4.40)


Table 3. Alkaline-side median lethal pH (LC50) values with 95% confidence limits for three freshwater fish species.
	Species
	24-h LC50
	48-h LC50
	72-h LC50
	96-h LC50

	Labeo rohita
	10.42 (10.24–10.60)
	10.28 (10.11–10.45)
	10.15 (9.98–10.32)
	10.03 (9.86–10.20)

	Catla catla
	10.31 (10.12–10.50)
	10.16 (9.98–10.34)
	10.02 (9.85–10.20)
	9.90 (9.72–10.08)

	Cyprinus carpio
	10.58 (10.39–10.77)
	10.46 (10.28–10.64)
	10.34 (10.16–10.52)
	10.24 (10.06–10.42)


Values in parentheses denote 95% fiducial confidence limits derived from probit regression.
Across all three species, the LC50 values on both the acidic and alkaline sides showed a progressive narrowing of the confidence interval and a shift toward the population's central tolerance value with increasing exposure duration, reflecting the cumulative nature of pH-induced mortality. The acid-side LC50 declined by approximately 0.35–0.40 pH units between the 24-h and 96-h assessment points across species, while the alkaline-side LC50 declined by a comparatively smaller 0.34–0.39 units over the same interval, indicating a slightly steeper time-dependent sensitisation to acidic relative to alkaline stress. Based on the 96-h LC50 values, the sublethal exposure concentrations for the chronic phase of the study (pH 5.5 and pH 9.5) were selected to represent approximately 65–70% of the respective lethal thresholds, ensuring that fish remained viable for the full 60-day observation period while still exhibiting measurable physiological stress.
Probit regression models fitted to the mortality–pH relationship yielded high goodness-of-fit across all species and durations (chi-square heterogeneity test, p > 0.05 in all cases, indicating no significant departure from the probit model), with slope values ranging from 4.8 to 6.3 on the acidic side and 5.1 to 6.7 on the alkaline side. Steeper probit slopes observed on the alkaline side, particularly for Cyprinus carpio, suggest a comparatively narrower range of individual variation in tolerance to high pH relative to low pH within this species, whereas the shallower acid-side slopes observed for Catla catla indicate greater inter-individual heterogeneity in acid tolerance within this population. No significant difference in LC50 values was observed between male and female fish of comparable size class for any species or duration (independent samples t-test, p > 0.05 in all comparisons), and consequently sex was not retained as a covariate in subsequent analyses.
3.3 Haematological Responses to Sublethal pH Exposure
Sublethal exposure to both acidic and alkaline pH produced significant, time-progressive alterations in the haematological profile of all three species relative to controls, with Labeo rohita presented here as the representative species (Table 4); Catla catla and Cyprinus carpio displayed qualitatively similar trends, with Cyprinus carpio showing a comparatively attenuated magnitude of change, consistent with its greater tolerance observed in the acute bioassays.
Red blood cell (RBC) count, haemoglobin (Hb) concentration, and haematocrit (Hct/PCV) all declined significantly in both acidic and alkaline treatment groups relative to controls at every sampling interval, with the magnitude of reduction increasing progressively from day 15 to day 60. The acidic treatment produced a somewhat greater depression of erythrocyte parameters than the alkaline treatment at the 60-day interval, consistent with direct ionoregulatory and osmotic disruption at the gill surface under low pH conditions. In contrast, total white blood cell (WBC) count increased significantly in both treatment groups relative to controls, indicating an active immune response and stress-induced leucocytosis; this elevation was most pronounced in the alkaline treatment at day 60, plausibly linked to the additional physiological burden imposed by elevated un-ionised ammonia under high-pH conditions.
Comparative analysis across species indicated that the relative magnitude of haematological suppression closely paralleled the acute toxicity rankings established in Section 3.2. At day 60 of acidic exposure, the percentage reduction in haemoglobin relative to control was greatest in Catla catla (approximately 34%), intermediate in Labeo rohita (approximately 29%), and smallest in Cyprinus carpio (approximately 21%), mirroring the species' relative acute sensitivity. A similar ordering was observed for haematocrit and RBC count, reinforcing the interpretation that acute lethal tolerance and chronic sublethal haematological resilience share a common physiological basis, most plausibly centred on the efficiency of branchial ion-regulatory and acid-base compensation mechanisms. Two-way ANOVA confirmed significant main effects of both treatment and exposure duration on all four haematological parameters examined (p < 0.001 in all cases), with a significant treatment × duration interaction for RBC, haemoglobin, and haematocrit (p < 0.01), indicating that the rate of decline, not merely the endpoint magnitude, differed significantly between the acidic and alkaline treatments.
Table 4. Haematological parameters of Labeo rohita following sublethal acidic and alkaline pH exposure (mean ± SD, n = 6).
	Parameter
	Duration
	Control (pH 7.5)
	Acidic (pH 5.5)
	Alkaline (pH 9.5)

	RBC (×10⁶/µL)
	Day 15
	2.42 ± 0.11ᵃ
	2.18 ± 0.09ᵇ
	2.24 ± 0.10ᵇ

	
	Day 30
	2.45 ± 0.10ᵃ
	1.95 ± 0.12ᵇ
	2.05 ± 0.11ᵇ

	
	Day 60
	2.47 ± 0.09ᵃ
	1.68 ± 0.13ᵇ
	1.84 ± 0.12ᶜ

	Hemoglobin (g/dL)
	Day 15
	9.12 ± 0.34ᵃ
	8.24 ± 0.31ᵇ
	8.41 ± 0.29ᵇ

	
	Day 30
	9.20 ± 0.30ᵃ
	7.46 ± 0.36ᵇ
	7.78 ± 0.33ᵇ

	
	Day 60
	9.24 ± 0.28ᵃ
	6.58 ± 0.40ᵇ
	7.05 ± 0.35ᶜ

	Hematocrit (%)
	Day 15
	32.6 ± 1.2ᵃ
	29.8 ± 1.4ᵇ
	30.4 ± 1.1ᵇ

	
	Day 30
	33.1 ± 1.1ᵃ
	26.7 ± 1.5ᵇ
	27.9 ± 1.3ᵇ

	
	Day 60
	33.4 ± 1.0ᵃ
	23.5 ± 1.6ᵇ
	25.2 ± 1.4ᶜ

	WBC (×10³/µL)
	Day 15
	24.1 ± 1.5ᵃ
	27.8 ± 1.7ᵇ
	28.4 ± 1.6ᵇ

	
	Day 30
	24.4 ± 1.4ᵃ
	31.2 ± 1.9ᵇ
	33.0 ± 1.8ᵇ

	
	Day 60
	24.6 ± 1.3ᵃ
	35.6 ± 2.1ᵇ
	38.9 ± 2.0ᶜ


Superscripts a, b, c indicate significant differences across treatments within the same row (p < 0.05, Tukey's HSD).
The differential leucocyte count (Table 5) revealed a consistent pattern of relative lymphopenia accompanied by neutrophilia in both stress treatments, a classical haematological signature of the generalised stress response in teleosts mediated via cortisol release. Monocyte proportions increased modestly under both treatments, while eosinophil counts remained largely unchanged, suggesting a stress-associated rather than parasitic or allergic aetiology for the observed leucocyte shifts.
Table 5. Differential leucocyte count (%) of Labeo rohita at day 60 of sublethal pH exposure (mean ± SD, n = 6).
	Leukocyte type
	Control (pH 7.5)
	Acidic (pH 5.5)
	Alkaline (pH 9.5)

	Lymphocytes
	78.4 ± 2.1ᵃ
	64.2 ± 2.8ᵇ
	67.5 ± 2.6ᵇ

	Neutrophils
	14.6 ± 1.3ᵃ
	25.8 ± 1.9ᵇ
	22.4 ± 1.7ᵇ

	Monocytes
	4.8 ± 0.6ᵃ
	7.1 ± 0.8ᵇ
	6.9 ± 0.7ᵇ

	Eosinophils
	1.6 ± 0.3ᵃ
	1.9 ± 0.4ᵃ
	2.1 ± 0.4ᵃ

	Basophils
	0.6 ± 0.2ᵃ
	1.0 ± 0.3ᵃ
	1.1 ± 0.3ᵃ


3.4 Oxidative Stress Biomarker Responses
Oxidative stress biomarkers—lipid peroxidation (malondialdehyde, MDA), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and reduced glutathione (GSH)—were quantified in gill, liver, and kidney tissues at 15, 30, and 60 days of sublethal exposure. A consistent pattern emerged across all three tissues: MDA levels rose progressively with exposure duration in both stress treatments, while enzymatic antioxidants (SOD, CAT, GPx) followed a biphasic trajectory, with an initial compensatory induction at day 15–30 followed by a decline toward or below control levels by day 60 in the acidic treatment, consistent with exhaustion of the antioxidant defence system under sustained acid stress. GSH content declined steadily across the exposure period in both treatments.
All enzymatic activities were normalised to tissue protein content (Lowry et al., 1951) to control for potential differences in tissue protein density across treatments and sampling intervals. Assay-specific quality control included the use of certified reference standards for SOD and CAT, and inter-assay coefficients of variation were maintained below 8% throughout the study, supporting the reliability of the reported biomarker values. The overall pattern of enzymatic induction followed by exhaustion is consistent with the classical framework for adaptive versus maladaptive stress response trajectories described in the ecotoxicological literature, wherein an initial compensatory upregulation of antioxidant capacity is progressively overwhelmed by a sustained or escalating pro-oxidant challenge, ultimately resulting in a net decline in enzymatic defence capacity concurrent with accumulating oxidative damage, as reflected in the parallel rise in MDA across all three tissues and both treatment conditions.
3.4.1 Gill Tissue
The gill, as the tissue in most direct contact with the ambient medium, exhibited the earliest and most pronounced oxidative stress response among the three tissues examined. MDA content in gill tissue increased significantly from day 15 onward in both acidic and alkaline treatments, with the acidic group showing the steeper rate of increase (Table 6). SOD and CAT activities were significantly elevated at day 15 and day 30 in both treatments relative to control, reflecting an adaptive upregulation of the primary antioxidant enzymes; however, by day 60, SOD and CAT activities in the acidic treatment had declined to values not significantly different from or below control levels, while the alkaline treatment retained comparatively higher residual enzyme activity at day 60.
Table 6. Oxidative stress biomarkers in gill tissue of Labeo rohita under sublethal pH exposure (mean ± SD, n = 6).
	Biomarker
	Duration
	Control
	Acidic (pH 5.5)
	Alkaline (pH 9.5)

	MDA (nmol/mg protein)
	Day 15
	2.14 ± 0.18ᵃ
	3.42 ± 0.24ᵇ
	3.05 ± 0.21ᵇ

	
	Day 30
	2.18 ± 0.16ᵃ
	4.28 ± 0.29ᵇ
	3.76 ± 0.26ᵇ

	
	Day 60
	2.21 ± 0.17ᵃ
	5.63 ± 0.35ᵇ
	4.48 ± 0.30ᶜ

	SOD (U/mg protein)
	Day 15
	10.4 ± 0.8ᵃ
	13.9 ± 1.0ᵇ
	13.1 ± 0.9ᵇ

	
	Day 30
	10.6 ± 0.7ᵃ
	15.2 ± 1.1ᵇ
	14.4 ± 1.0ᵇ

	
	Day 60
	10.7 ± 0.8ᵃ
	9.1 ± 0.9ᵇ
	11.8 ± 1.0ᵃ

	CAT (U/mg protein)
	Day 15
	18.6 ± 1.2ᵃ
	24.1 ± 1.6ᵇ
	22.8 ± 1.5ᵇ

	
	Day 30
	18.9 ± 1.1ᵃ
	26.4 ± 1.7ᵇ
	24.6 ± 1.6ᵇ

	
	Day 60
	19.1 ± 1.0ᵃ
	15.8 ± 1.3ᵇ
	20.5 ± 1.4ᵃ

	GPx (U/mg protein)
	Day 15
	6.2 ± 0.5ᵃ
	8.0 ± 0.6ᵇ
	7.6 ± 0.6ᵇ

	
	Day 30
	6.3 ± 0.5ᵃ
	8.9 ± 0.7ᵇ
	8.2 ± 0.6ᵇ

	
	Day 60
	6.4 ± 0.4ᵃ
	5.6 ± 0.5ᵇ
	6.9 ± 0.6ᵃ

	GSH (µg/mg protein)
	Day 15
	42.6 ± 2.4ᵃ
	36.8 ± 2.1ᵇ
	38.2 ± 2.2ᵇ

	
	Day 30
	43.1 ± 2.3ᵃ
	31.4 ± 2.3ᵇ
	34.0 ± 2.4ᵇ

	
	Day 60
	43.4 ± 2.2ᵃ
	24.7 ± 2.5ᵇ
	29.3 ± 2.3ᶜ


3.4.2 Liver Tissue
Hepatic oxidative stress responses followed a broadly similar pattern to that observed in gill tissue but were consistently of somewhat lower magnitude, reflecting the liver's less direct exposure to the ambient medium and its comparatively greater constitutive antioxidant capacity (Table 7). Notably, hepatic GSH depletion at day 60 was proportionally the most severe reduction among all biomarker–tissue combinations examined, underscoring the liver's central role in glutathione turnover and systemic detoxification under sustained pH stress.
Table 7. Oxidative stress biomarkers in liver tissue of Labeo rohita under sublethal pH exposure (mean ± SD, n = 6).
	Biomarker
	Duration
	Control
	Acidic (pH 5.5)
	Alkaline (pH 9.5)

	MDA (nmol/mg protein)
	Day 15
	1.86 ± 0.15ᵃ
	2.74 ± 0.20ᵇ
	2.48 ± 0.19ᵇ

	
	Day 30
	1.90 ± 0.14ᵃ
	3.35 ± 0.23ᵇ
	2.96 ± 0.21ᵇ

	
	Day 60
	1.93 ± 0.15ᵃ
	4.42 ± 0.28ᵇ
	3.58 ± 0.24ᶜ

	SOD (U/mg protein)
	Day 15
	14.2 ± 1.0ᵃ
	18.6 ± 1.3ᵇ
	17.4 ± 1.2ᵇ

	
	Day 30
	14.4 ± 0.9ᵃ
	20.3 ± 1.4ᵇ
	18.9 ± 1.3ᵇ

	
	Day 60
	14.6 ± 1.0ᵃ
	13.1 ± 1.1ᵃ
	16.2 ± 1.2ᵇ

	CAT (U/mg protein)
	Day 15
	22.4 ± 1.4ᵃ
	28.9 ± 1.8ᵇ
	27.1 ± 1.7ᵇ

	
	Day 30
	22.7 ± 1.3ᵃ
	31.2 ± 1.9ᵇ
	29.0 ± 1.8ᵇ

	
	Day 60
	23.0 ± 1.3ᵃ
	20.4 ± 1.6ᵇ
	25.3 ± 1.7ᵃ

	GPx (U/mg protein)
	Day 15
	8.6 ± 0.6ᵃ
	10.9 ± 0.8ᵇ
	10.2 ± 0.7ᵇ

	
	Day 30
	8.7 ± 0.6ᵃ
	12.0 ± 0.9ᵇ
	11.0 ± 0.8ᵇ

	
	Day 60
	8.9 ± 0.5ᵃ
	7.6 ± 0.7ᵇ
	9.4 ± 0.7ᵃ

	GSH (µg/mg protein)
	Day 15
	58.2 ± 3.1ᵃ
	49.6 ± 2.8ᵇ
	51.9 ± 2.9ᵇ

	
	Day 30
	58.9 ± 3.0ᵃ
	42.3 ± 3.0ᵇ
	45.8 ± 3.1ᵇ

	
	Day 60
	59.4 ± 2.9ᵃ
	32.1 ± 3.2ᵇ
	38.6 ± 3.0ᶜ


3.4.3 Kidney Tissue
Renal oxidative stress biomarkers exhibited a pattern intermediate between gill and liver in terms of overall magnitude, but showed a distinct feature: the kidney was the only tissue in which alkaline-treated fish displayed a marginally greater MDA elevation than acidic-treated fish at day 60 (Table 8), plausibly linked to the additional renal handling burden associated with elevated un-ionised ammonia excretion under alkaline conditions.
Table 8. Oxidative stress biomarkers in kidney tissue of Labeo rohita under sublethal pH exposure (mean ± SD, n = 6).
	Biomarker
	Duration
	Control
	Acidic (pH 5.5)
	Alkaline (pH 9.5)

	MDA (nmol/mg protein)
	Day 15
	1.98 ± 0.16ᵃ
	2.96 ± 0.21ᵇ
	2.88 ± 0.20ᵇ

	
	Day 30
	2.02 ± 0.15ᵃ
	3.64 ± 0.24ᵇ
	3.58 ± 0.23ᵇ

	
	Day 60
	2.05 ± 0.16ᵃ
	4.51 ± 0.29ᵇ
	4.67 ± 0.30ᵇ

	SOD (U/mg protein)
	Day 15
	11.8 ± 0.9ᵃ
	15.4 ± 1.1ᵇ
	14.6 ± 1.0ᵇ

	
	Day 30
	12.0 ± 0.8ᵃ
	16.8 ± 1.2ᵇ
	15.9 ± 1.1ᵇ

	
	Day 60
	12.1 ± 0.9ᵃ
	10.2 ± 1.0ᵇ
	13.0 ± 1.1ᵃ

	CAT (U/mg protein)
	Day 15
	16.9 ± 1.1ᵃ
	21.8 ± 1.5ᵇ
	20.6 ± 1.4ᵇ

	
	Day 30
	17.1 ± 1.0ᵃ
	23.7 ± 1.6ᵇ
	22.1 ± 1.5ᵇ

	
	Day 60
	17.3 ± 1.0ᵃ
	14.6 ± 1.2ᵃ
	18.9 ± 1.3ᵇ

	GPx (U/mg protein)
	Day 15
	5.6 ± 0.4ᵃ
	7.1 ± 0.5ᵇ
	6.8 ± 0.5ᵇ

	
	Day 30
	5.7 ± 0.4ᵃ
	7.8 ± 0.6ᵇ
	7.3 ± 0.5ᵇ

	
	Day 60
	5.8 ± 0.4ᵃ
	4.9 ± 0.5ᵇ
	6.1 ± 0.5ᵃ

	GSH (µg/mg protein)
	Day 15
	36.4 ± 2.2ᵃ
	31.0 ± 2.0ᵇ
	32.6 ± 2.1ᵇ

	
	Day 30
	36.9 ± 2.1ᵃ
	26.5 ± 2.2ᵇ
	28.9 ± 2.2ᵇ

	
	Day 60
	37.2 ± 2.0ᵃ
	20.4 ± 2.3ᵇ
	23.7 ± 2.2ᶜ


3.5 Comparative and Correlational Analysis
Pearson correlation analysis performed across pooled treatment groups revealed a strong negative correlation between water pH deviation from neutrality (|pH − 7.5|) and both haemoglobin content (r = −0.87, p < 0.001) and gill GSH concentration (r = −0.84, p < 0.001), and a strong positive correlation between pH deviation and gill MDA content (r = 0.91, p < 0.001), confirming oxidative damage as a central mechanistic link between pH stress and haematological impairment. Two-way ANOVA indicated significant main effects of both pH treatment and exposure duration on all measured biomarkers (p < 0.001), along with a significant treatment × duration interaction for MDA, SOD, and GSH in all three tissues (p < 0.01), reflecting the time-dependent divergence of the biphasic antioxidant response described above.
A comparative sensitivity ranking across tissues, based on the magnitude of percentage change from control at day 60, placed gill tissue as the most responsive (mean change across biomarkers: 48–62%), followed by the kidney (41–55%) and liver (35–48%), consistent with the gill's primary role as the interface of direct environmental exchange (Table 9). Among species, Catla catla showed consistently greater biomarker perturbation than Labeo rohita and Cyprinus carpio at equivalent exposure conditions, mirroring its lower acute LC50 values and confirming concordance between acute lethality and sublethal biochemical sensitivity.
Table 9. Comparative percentage change in oxidative stress biomarkers from control values at day 60 of acidic (pH 5.5) exposure, by tissue (Labeo rohita).
	Biomarker
	Gill (% change)
	Liver (% change)
	Kidney (% change)

	MDA
	+154.8
	+129.0
	+120.0

	SOD
	−15.0
	−10.3
	−15.7

	CAT
	−17.3
	−11.3
	−15.6

	GPx
	−12.5
	−14.6
	−15.5

	GSH
	−43.1
	−45.9
	−45.2


Taken together, the acute and sublethal datasets establish a coherent, internally consistent picture: acute lethality thresholds, haematological suppression, and tissue-specific oxidative stress escalation all track the same underlying gradient of pH-induced physiological disruption, with acidic conditions generally producing more severe effects than alkaline conditions of comparable deviation from neutrality, and with Cyprinus carpio consistently the most tolerant and Catla catla the most sensitive of the three species examined across every response variable measured.
3.6 Behavioural and Morphological Observations
In addition to the quantitative haematological and biochemical endpoints, qualitative behavioural and morphological observations were recorded throughout the exposure trials to provide contextual support for the biomarker data. Fish held under acidic conditions (pH 5.5) displayed increased opercular beat frequency from day 3 onward, intermittent surfacing and air-gulping behaviour suggestive of compensatory respiratory distress, and a visible increase in mucus secretion over the body surface and gill filaments, most likely representing a protective response against ionic loss at the gill epithelium. By day 30, mild fraying of the caudal and dorsal fin margins was noted in a subset of acid-exposed individuals across all three species, becoming more pronounced by day 60, alongside a modest but consistent reduction in feeding activity and body condition relative to controls.
Fish maintained under alkaline conditions (pH 9.5) exhibited a somewhat different behavioural profile, characterised by intermittent hyperactivity and erratic swimming during the first two weeks of exposure, followed by a progressive shift toward lethargy and reduced feeding response by day 30–60. Gill filaments in alkaline-exposed fish, upon terminal sampling, showed a duller colouration relative to controls, consistent with the histological gill surface changes commonly reported under ammonia-associated alkaline stress in the literature. No mortality occurred in any sublethal treatment group during the 60-day chronic exposure period, confirming that the selected sublethal concentrations were appropriate for characterising chronic physiological responses without confounding acute lethal toxicity.
Body weight gain over the 60-day exposure period was significantly lower in both acidic and alkaline treatment groups relative to controls across all three species (p < 0.05), with the acidic treatment producing the greatest suppression of growth. Specific growth rate (SGR) declined from a control value of approximately 0.62 ± 0.05 %/day to 0.34 ± 0.06 %/day under acidic exposure and 0.41 ± 0.05 %/day under alkaline exposure in Labeo rohita by day 60, indicating that the energetic cost of physiological compensation to sustained pH stress was substantial enough to measurably compromise somatic growth even in the absence of overt mortality.
3.7 Summary of Key Findings
The results of the present investigation can be summarised as follows. First, acute toxicity bioassays established clear species-specific and duration-dependent LC50 thresholds on both the acidic and alkaline sides of the tested pH gradient, with Cyprinus carpio demonstrating the broadest tolerance and Catla catla the narrowest across all four exposure durations examined. Second, sublethal chronic exposure to both acidic (pH 5.5) and alkaline (pH 9.5) conditions produced significant, progressive suppression of erythrocyte parameters (RBC, haemoglobin, haematocrit) accompanied by a compensatory leucocytosis and a stress-associated shift in differential leucocyte proportions, with effects generally more severe under acidic than alkaline conditions. Third, oxidative stress biomarker analysis across gill, liver, and kidney tissues revealed a consistent biphasic pattern of enzymatic antioxidant response — early induction followed by exhaustion at the longest exposure duration — coupled with progressive lipid peroxidation and glutathione depletion, with the gill emerging as the most sensitive tissue and the kidney showing a distinctive pattern of comparable or greater sensitivity to alkaline relative to acidic stress. Fourth, correlation and comparative analyses confirmed strong, statistically significant relationships between the degree of pH deviation from neutrality and the magnitude of both haematological and oxidative stress responses, providing a mechanistically coherent basis for interpreting the acute and chronic datasets as reflecting a single underlying continuum of pH-induced physiological disruption. These findings, considered collectively, provide a comprehensive, multi-tiered characterisation of the biological impacts of pH alteration on freshwater fish native to the Ambikapur region and establish a quantitative basis for the discussion presented below.
4. DISCUSSION
The present findings are broadly consistent with the established framework for pH-induced physiological disruption in freshwater teleosts, while also providing region-specific quantitative benchmarks for three ecologically and economically important species of the Ambikapur area. The responses observed in Cyprinus carpio are consistent with documented electrolyte disturbances in common carp exposed to acidic pH (Mathan et al., 2010). The narrower tolerance window observed for Catla catla in the present study further indicates that this species may be comparatively more sensitive to water-quality deterioration than the other major carps examined.
The pattern of haematological suppression observed under both acidic and alkaline sublethal exposure—declining RBC count, haemoglobin, and haematocrit alongside rising WBC count and a lymphocyte-to-neutrophil shift—is consistent with controlled findings in fish exposed to low and high pH, where haematological variables changed significantly (Zahangir et al., 2015). The comparatively greater severity of haematological suppression under acidic relative to alkaline exposure observed in the present study is consistent with the mechanistic expectation that low pH directly impairs branchial ion and gas exchange, compounding erythropoietic and osmoregulatory stress beyond the effects attributable to ammonia toxicity alone under alkaline conditions (Evans et al., 2005).
The biphasic trajectory of antioxidant enzyme activity—early induction followed by decline toward or below control levels by day 60—is consistent with biomarker responses reported in Oreochromis niloticus exposed in an acid-mine-drainage-affected river (Jiri et al., 2018) and with the broader ecotoxicological principle that antioxidant defence capacity is progressively exhausted under sustained pro-oxidant challenge once the rate of reactive oxygen species generation outpaces enzymatic detoxification capacity. The parallel, monotonic rise in MDA across all three tissues throughout the exposure period, even as enzymatic activity declined at day 60, provides direct biochemical evidence for this transition from a compensated to a decompensated oxidative state. Parallel increases in lipid peroxidation and changes in antioxidant enzymes have also been reported in Channa punctatus under chemical stress (Nwani et al., 2010), while coal-mine effluent has produced oxidative and histopathological alterations in Clarias batrachus (Lakra et al., 2021).
The pronounced sensitivity of gill tissue relative to liver and kidney observed across all biomarkers is mechanistically expected given the gill's role as the primary site of direct contact between the fish and the ambient medium, and is consistent with its established position as the most sensitive tissue for early biomarker detection in fish ecotoxicology (Wood, 2001; Evans et al., 2005). The comparatively distinct pattern observed in kidney tissue — where alkaline exposure produced MDA elevation comparable to or exceeding that of acidic exposure — plausibly reflects the additional physiological burden imposed on renal ammonia handling and excretion under alkaline conditions, when a greater proportion of total ammonia exists in its more membrane-permeant, toxic un-ionised form (Wood, 2001).
The reduction in specific growth rate observed under both stress treatments, and particularly under acidic exposure, is consistent with the broader bioenergetic principle that the metabolic cost of sustained ionoregulatory and oxidative stress compensation diverts energy away from somatic growth, even in the absence of overt mortality (Jobling, 1994). This sublethal but ecologically consequential effect on growth performance has direct relevance for aquaculture operations and wild fish populations in pH-impacted waters, where chronic water-quality deterioration associated with coal mining and other anthropogenic pressures may be more prevalent than acutely lethal excursions (Singh et al., 2012; Lakra et al., 2021).
The strong negative correlation between pH deviation from neutrality and both haemoglobin content and gill glutathione, together with the strong positive correlation between pH deviation and gill MDA content, reinforces the interpretation that oxidative damage represents a central, mechanistically coherent link between environmental pH perturbation and downstream haematological impairment in these species. This integrative pattern supports the utility of combining acute lethality assessment with sublethal haematological and biochemical biomarker analysis, as advocated in the Biomarker Integrated Response framework of Beliaeff and Burgeot (2002), for deriving ecologically meaningful, locally relevant water quality benchmarks rather than relying on lethality data alone.
Some limitations of the present study warrant consideration. The experiments were conducted under controlled laboratory conditions using a limited pH range and did not examine interactive effects with other co-occurring stressors relevant to the Ambikapur region, such as elevated dissolved metal concentrations associated with acid mine drainage, temperature fluctuation, or reduced dissolved oxygen, all of which may modulate the magnitude and trajectory of the responses reported here. Field validation studies incorporating in situ biomarker assessment across a gradient of naturally pH-impacted water bodies in the Ambikapur region would strengthen the applied relevance of these laboratory-derived findings and are recommended as a priority for future research.
5. Conclusions
The present study demonstrates that both acidic and alkaline pH extremes exert significant, dose- and duration-dependent adverse effects on the survival, hematological profile, and oxidative stress status of three ecologically and economically important freshwater fish species from the Ambikapur region of Chhattisgarh, with acidic conditions generally more disruptive than alkaline conditions of comparable magnitude, and with Cyprinus carpio consistently more tolerant than Labeo rohita and Catla catla. Gill tissue emerged as the most sensitive biomarker compartment, consistent with its role as the primary interface of environmental exchange. These findings provide a quantitative, multi-tiered basis for the development of locally relevant water quality criteria and biomonitoring frameworks for pH-impacted freshwater systems in coal mining-affected regions of central India, and underscore the need for continued monitoring and mitigation of acid mine drainage and other pH-altering anthropogenic pressures to safeguard regional freshwater biodiversity and fisheries-based livelihoods.
Limitations
The experiment was conducted under controlled laboratory conditions and did not include interactions with metals, temperature variation, or other environmental stressors. The manuscript does not clearly document tank replication, total sample size, fish-source effects, sex distribution, or field pH conditions. Complete datasets for all three species are not presented. 
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