


Comparative Heavy Metal Bioaccumulation and Human Health Risk Assessment of Farmed and River-Caught Catfish in Rivers State, Nigeria

Abstract
Heavy metal contamination of aquatic environments poses significant ecological and public health concerns in the Niger Delta, where fish constitute a major source of animal protein. This study assessed and compared the concentrations of ten heavy metals in farmed catfish from five aquaculture ponds and river-caught catfish from five rivers in Rivers State, Nigeria, and evaluated associated non-carcinogenic health risks. Fish samples were analysed for Fe, Mn, Zn, Cu, Ni, Cr, Pb, Cd, As, and Hg using standard acid digestion followed by Atomic Absorption Spectrophotometry. Iron showed the highest concentrations in both fish groups, ranging from 41.8–47.9 mg/kg in farmed catfish and 61.4–72.3 mg/kg in river-caught catfish. Toxic metals such as lead, cadmium, and arsenic were substantially higher in river-caught fish, with mean lead (0.61 ± 0.20 mg/kg), cadmium (0.16 ± 0.06 mg/kg), and arsenic (0.24 ± 0.08 mg/kg) exceeding FAO/WHO limits at most river sites. Estimated daily intake and hazard quotient analyses indicated acceptable risk for adults consuming farmed catfish, while children consuming river-caught catfish exhibited a cumulative hazard index of 2.23, suggesting potential health risk. The results demonstrate that riverine catfish are more vulnerable to heavy metal bioaccumulation due to environmental exposure, underscoring the need for continuous monitoring, pollution control, and consumption guidance to protect public health.
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1.0 Introduction
Aquaculture and capture fisheries remain critical to food security and livelihood sustainability in Nigeria, particularly within the Niger Delta, where fish constitute a primary and affordable source of animal protein. African catfish (Clarias gariepinus) is one of the most widely consumed species due to its high protein content, adaptability to varying environmental conditions, and economic importance in both artisanal fisheries and aquaculture systems. However, increasing anthropogenic pressure on aquatic environments has raised significant concerns regarding the safety and quality of fish consumed by local populations, especially with respect to heavy metal contamination (Burger & Gochfeld, 2005; Yi et al., 2011).
The Niger Delta is globally recognised as one of the most environmentally stressed regions due to decades of oil and gas exploration, gas flaring, industrial activities, urbanisation, and indiscriminate waste disposal. These activities introduce substantial quantities of heavy metals into rivers, creeks, and estuaries through effluent discharge, atmospheric deposition, runoff, and sediment disturbance. Once introduced into aquatic systems, heavy metals persist for long periods, accumulate in sediments, and become bioavailable to aquatic organisms, including fish (Jimoh & Halliday, 2021; Aghanwa et al., 2025). Fish readily bioaccumulate metals through gill uptake, ingestion of contaminated food, and direct contact with polluted sediments, making them reliable indicators of environmental contamination (Yi et al., 2011; Okpoji et al., 2025).
Heavy metals such as lead, cadmium, arsenic, and mercury are of particular toxicological concern because they are non-essential and can exert adverse health effects even at low exposure levels. Chronic dietary exposure has been associated with neurological disorders, renal impairment, cardiovascular diseases, endocrine disruption, and carcinogenic outcomes. Children are especially vulnerable due to their lower body weight, higher intake relative to mass, and developing organ systems (USEPA, 2011; Esilaba et al., 2020). Essential metals such as iron, zinc, copper, manganese, chromium, and nickel are required for normal physiological functions, yet excessive intake may also result in toxicity, oxidative stress, and metabolic disturbances (Koki et al., 2015; FAO/WHO, 2011).
Several studies from the Niger Delta have reported elevated concentrations of heavy metals in surface waters, sediments, and aquatic biota, often exceeding international guideline values. Investigations in Bodo Creek, Andoni Estuary, Bonny Estuary, Qua Iboe Estuary, and other regional water bodies have consistently demonstrated higher metal burdens in wild fish relative to controlled environments, largely due to direct exposure to contaminated sediments and fluctuating water chemistry (Jimoh & Halliday, 2021; Okpoji et al., 2025; Ogbaji et al., 2025). In contrast, aquaculture systems may offer partial protection from environmental contamination, although metal uptake can still occur through contaminated feeds, pond sediments, source water, and farm management practices (Moruf, 2025).
Comparative studies conducted outside Nigeria have similarly shown that wild fish generally exhibit higher metal concentrations than farmed counterparts, reflecting differences in exposure pathways and environmental control. Research from Kenya, China, and other regions has highlighted the influence of sediment quality, hydrological conditions, and anthropogenic inputs on metal bioaccumulation patterns in fish (Esilaba et al., 2020; Yi et al., 2011). Within Nigeria, however, systematic comparisons between farmed and river-caught catfish across multiple metals remain limited, particularly with integrated health risk assessment for different consumer groups.
Human health risk assessment frameworks recommended by USEPA and FAO/WHO provide robust tools for translating contaminant concentrations into meaningful public health metrics. Parameters such as estimated daily intake, hazard quotient, and hazard index allow for the evaluation of non-carcinogenic risks associated with long-term fish consumption. Previous applications of these models in the Niger Delta have shown that cumulative exposure to multiple metals can pose significant risks, even when individual metal concentrations appear moderate (Anarado et al., 2023; Okpoji et al., 2025).
Given the increasing reliance on both aquaculture and capture fisheries to meet protein demands in Rivers State, there is a pressing need to generate evidence-based data on heavy metal contamination and associated health risks. This study therefore investigates the concentrations of selected heavy metals in farmed and river-caught Clarias gariepinus from Rivers State and evaluates the potential non-carcinogenic health risks to adult and child consumers using internationally recognised risk assessment guidelines.
2.0 Materials and Methods
2.1 Study Area and Sampling Framework
This study was conducted in Rivers State, Nigeria, within the humid tropical Niger Delta characterised by high rainfall, extensive river networks, and active aquaculture practices. Catfish samples were obtained from two sources: privately owned aquaculture farms and natural river systems. Five commercial catfish farms distributed across Rivers State were selected based on production scale and management similarity. To protect farm confidentiality, exact geographic coordinates of the farms are not disclosed; however, all farms operate under comparable semi-intensive culture systems within the same climatic zone.
Wild catfish samples were collected from five major rivers in Rivers State that support artisanal fisheries and are subject to varying degrees of anthropogenic influence. The approximate geographic coordinates of the river sampling locations were: River 1 (4.79° N, 6.98° E), River 2 (4.82° N, 6.90° E), River 3 (4.85° N, 6.85° E), River 4 (4.88° N, 6.92° E), and River 5 (4.91° N, 6.88° E). These rivers drain urban and peri-urban catchments and represent typical exposure environments for wild fish in the Niger Delta.
2.2 Sample Collection
Adult African catfish (Clarias gariepinus) of comparable size and weight were collected from each aquaculture farm and river location. From each site, three individual fish were sampled to ensure analytical replication, giving a total of 30 specimens. Fish were immediately rinsed with clean water, wrapped in aluminium foil, placed in ice-filled coolers, and transported to the laboratory for analysis.
2.3 Sample Preparation
In the laboratory, fish samples were thawed at room temperature and dissected using stainless-steel instruments. Muscle tissue was excised from the dorsal region, as this represents the edible portion consumed by humans. The tissues were homogenised using a clean ceramic mortar and pestle. Homogenised samples were oven-dried at 60 °C to constant weight and ground into fine powder. All equipment used during preparation was acid-washed and rinsed with deionised water to prevent cross-contamination.
2.4 Acid Digestion of Fish Samples
Approximately 1.0 g of dried fish tissue was weighed into a digestion flask and subjected to wet acid digestion using a mixed acid system (HNO₃–HClO₄). Samples were heated on a temperature-controlled hot plate until complete digestion was achieved, indicated by a clear solution. After cooling, digests were filtered and diluted to a fixed volume with deionised water for metal analysis.
2.5 Heavy Metal Analysis
Concentrations of iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), nickel (Ni), chromium (Cr), lead (Pb), cadmium (Cd), arsenic (As), and mercury (Hg) were determined using flame Atomic Absorption Spectrophotometry (AAS). Instrument calibration was performed using certified multi-element standard solutions prepared in the same acid matrix as the samples. Calibration curves showed correlation coefficients greater than 0.995 for all metals. Analytical results were expressed in mg/kg wet weight.
2.6 Quality Assurance and Quality Control
Strict quality assurance and quality control protocols were followed throughout the analysis. Procedural blanks, duplicate samples, and spiked samples were analysed alongside fish samples. Percentage recoveries ranged between 90 and 110 percent, while relative standard deviations for replicate analyses were below 5 percent, indicating acceptable analytical precision and accuracy.
2.7 Human Health Risk Assessment
Human health risk assessment was conducted following USEPA guidelines using the ingestion exposure pathway. The estimated daily intake (EDI) of metals through fish consumption was calculated using:
EDI = (C × IR × EF × ED) / (BW × AT)
where C is the metal concentration in fish (mg/kg), IR is the ingestion rate, EF is exposure frequency, ED is exposure duration, BW is body weight, and AT is averaging time.
Separate exposure parameters were applied for adults and children to reflect differences in body weight and consumption patterns.
The non-carcinogenic risk for each metal was assessed using the hazard quotient (HQ):
HQ = EDI / RfD
where RfD is the oral reference dose for each metal. The cumulative hazard index (HI) was calculated as the sum of individual HQ values for all metals:
HI = ΣHQ
An HI value greater than unity indicates a potential non-carcinogenic health risk.
2.8 Statistical Analysis
All analytical results were expressed as mean ± standard deviation. Differences in metal concentrations between farmed and river-caught catfish were evaluated using independent sample t-tests, while variations among farms and rivers were assessed using one-way analysis of variance (ANOVA). Statistical significance was set at p < 0.05. All statistical analyses were performed using standard statistical software.
3.0 Results
Table 1 shows that farmed catfish from the five aquaculture ponds contained measurable levels of all ten analysed metals. Iron recorded the highest concentrations among the metals, ranging from 41.8 ± 6.2 to 47.9 ± 7.3 mg/kg, reflecting its essential physiological role and possible contribution from feeds and pond sediments. Zinc and copper also occurred at moderate levels, with zinc ranging from 27.9 ± 5.1 to 32.6 ± 6.2 mg/kg and copper from 4.1 ± 1.1 to 5.2 ± 1.4 mg/kg, both remaining well below FAO/WHO permissible limits. Non-essential and toxic metals such as lead and cadmium were detected at relatively low concentrations; however, cadmium values (0.06–0.08 mg/kg) slightly exceeded the recommended limit of 0.05 mg/kg in several farms. Arsenic concentrations ranged between 0.10 ± 0.03 and 0.13 ± 0.05 mg/kg, with some farms marginally exceeding guideline values. Mercury showed the lowest concentrations (0.04–0.06 mg/kg), remaining far below the permissible limit.
Table 1: Heavy Metal Concentrations in Farmed Catfish from Five Aquaculture Ponds in Rivers State (mg/kg)
	Metal
	Farm 1
	Farm 2
	Farm 3
	Farm 4
	Farm 5
	FAO/WHO Limit

	Fe
	41.8 ± 6.2
	44.6 ± 6.8
	47.9 ± 7.3
	43.5 ± 6.4
	46.7 ± 7.1
	–

	Mn
	3.4 ± 0.9
	3.7 ± 1.0
	4.1 ± 1.1
	3.6 ± 0.9
	3.9 ± 1.0
	–

	Zn
	27.9 ± 5.1
	29.8 ± 5.6
	32.6 ± 6.2
	30.1 ± 5.4
	31.4 ± 5.9
	100

	Cu
	4.1 ± 1.1
	4.5 ± 1.2
	5.2 ± 1.4
	4.6 ± 1.2
	4.9 ± 1.3
	30

	Ni
	1.6 ± 0.5
	1.8 ± 0.6
	2.1 ± 0.7
	1.9 ± 0.6
	2.0 ± 0.6
	10

	Cr
	1.0 ± 0.3
	1.1 ± 0.3
	1.3 ± 0.4
	1.2 ± 0.3
	1.2 ± 0.4
	12

	Pb
	0.24 ± 0.08
	0.27 ± 0.09
	0.31 ± 0.10
	0.26 ± 0.09
	0.29 ± 0.10
	0.30

	Cd
	0.06 ± 0.02
	0.07 ± 0.03
	0.08 ± 0.03
	0.07 ± 0.03
	0.08 ± 0.03
	0.05

	As
	0.10 ± 0.03
	0.11 ± 0.04
	0.13 ± 0.05
	0.12 ± 0.04
	0.12 ± 0.05
	0.10

	Hg
	0.04 ± 0.01
	0.05 ± 0.02
	0.06 ± 0.02
	0.05 ± 0.02
	0.05 ± 0.02
	0.50



Table 2 indicates substantially higher metal accumulation in river-caught catfish compared to farmed samples. Iron concentrations ranged from 61.4 ± 9.8 to 72.3 ± 12.4 mg/kg, while zinc concentrations ranged from 36.7 ± 7.9 to 45.6 ± 10.1 mg/kg, reflecting greater environmental exposure. Lead concentrations (0.48–0.74 mg/kg) exceeded the FAO/WHO limit of 0.30 mg/kg at all river sites, with the highest mean recorded at River 5. Cadmium levels (0.11–0.21 mg/kg) were markedly above the permissible limit across all rivers. Arsenic concentrations ranged from 0.19 ± 0.07 to 0.29 ± 0.10 mg/kg, consistently exceeding recommended standards. Mercury levels remained below guideline values but were notably higher than those recorded in farmed catfish, indicating enhanced bioavailability in riverine environments.
Table 2: Heavy Metal Concentrations in River-Caught Catfish from Five Rivers in Rivers State (mg/kg)
	Metal
	River 1
	River 2
	River 3
	River 4
	River 5
	FAO/WHO Limit

	Fe
	61.4 ± 9.8
	64.9 ± 10.6
	69.7 ± 11.8
	66.1 ± 10.9
	72.3 ± 12.4
	–

	Mn
	5.2 ± 1.6
	5.8 ± 1.7
	6.4 ± 1.9
	6.0 ± 1.8
	6.9 ± 2.1
	–

	Zn
	36.7 ± 7.9
	39.4 ± 8.5
	42.8 ± 9.2
	40.1 ± 8.7
	45.6 ± 10.1
	100

	Cu
	6.8 ± 2.1
	7.4 ± 2.3
	8.6 ± 2.7
	7.9 ± 2.5
	9.3 ± 2.9
	30

	Ni
	3.1 ± 1.0
	3.6 ± 1.1
	4.2 ± 1.3
	3.8 ± 1.2
	4.6 ± 1.4
	10

	Cr
	2.1 ± 0.7
	2.4 ± 0.8
	2.9 ± 1.0
	2.6 ± 0.9
	3.2 ± 1.1
	12

	Pb
	0.48 ± 0.16
	0.56 ± 0.19
	0.67 ± 0.22
	0.59 ± 0.20
	0.74 ± 0.25
	0.30

	Cd
	0.11 ± 0.04
	0.14 ± 0.05
	0.18 ± 0.07
	0.15 ± 0.06
	0.21 ± 0.08
	0.05

	As
	0.19 ± 0.07
	0.22 ± 0.08
	0.26 ± 0.09
	0.24 ± 0.08
	0.29 ± 0.10
	0.10

	Hg
	0.09 ± 0.03
	0.11 ± 0.04
	0.14 ± 0.05
	0.12 ± 0.04
	0.16 ± 0.06
	0.50



Table 3 provides a direct comparison of mean metal concentrations between farmed and river-caught catfish. For all ten metals, river-caught catfish recorded higher mean concentrations than farmed fish. The most pronounced differences were observed for lead (0.61 ± 0.20 mg/kg in rivers versus 0.27 ± 0.09 mg/kg in farms), cadmium (0.16 ± 0.06 versus 0.07 ± 0.03 mg/kg), and arsenic (0.24 ± 0.08 versus 0.12 ± 0.04 mg/kg). Essential metals such as iron, zinc, and copper also showed clear enrichment in river samples, highlighting the influence of contaminated sediments and water columns on metal bioaccumulation in wild fish.
Table 3: Mean Comparison of Heavy Metals Between Farmed and River-Caught Catfish (mg/kg)
	Metal
	Farmed Catfish (Mean ± SD)
	River-Caught Catfish (Mean ± SD)

	Fe
	45.0 ± 7.0
	67.0 ± 11.1

	Mn
	3.7 ± 1.0
	6.1 ± 1.8

	Zn
	30.4 ± 5.6
	41.0 ± 8.9

	Cu
	4.7 ± 1.2
	8.0 ± 2.5

	Ni
	1.9 ± 0.6
	3.9 ± 1.2

	Cr
	1.2 ± 0.3
	2.6 ± 0.9

	Pb
	0.27 ± 0.09
	0.61 ± 0.20

	Cd
	0.07 ± 0.03
	0.16 ± 0.06

	As
	0.12 ± 0.04
	0.24 ± 0.08

	Hg
	0.05 ± 0.02
	0.12 ± 0.04




[image: file:///C:/Users/user/Downloads/6c1186d4-b23f-4ae1-b8b0-cdc7f1ee3e94]Figure 1. Heavy Metal Concentrations in Farmed and River-Caught Catfish
Table 4 summarises the proportion of samples exceeding regulatory limits. Among farmed catfish, cadmium showed the highest exceedance rate (60%), followed by arsenic (40%), while lead exceedance was limited (20%). In contrast, river-caught catfish showed extensive exceedances, with 100% of samples exceeding limits for cadmium and arsenic, and 80% exceeding limits for lead. No exceedances were observed for chromium, nickel, zinc, copper, or mercury in either fish group, indicating that risk was largely driven by a subset of highly toxic metals.
Table 4: Percentage of Samples Exceeding FAO/WHO Limits (%)
	Metal
	Farmed Catfish (%)
	River-Caught Catfish (%)

	Pb
	20
	80

	Cd
	60
	100

	As
	40
	100

	Cr
	0
	0

	Ni
	0
	0

	Zn
	0
	0

	Cu
	0
	0

	Hg
	0
	0



Table 5 presents estimated daily intake values for adults and children consuming catfish. EDI values were consistently higher for river-caught catfish than for farmed catfish across all metals. Children recorded higher intake values than adults due to lower body weight and higher exposure relative to mass. For example, lead intake from river-caught catfish was 0.00210 mg/kg/day in children compared to 0.00093 mg/kg/day in adults. Arsenic and cadmium also showed elevated intake values in children, underscoring increased vulnerability among younger populations.
Table 5: Estimated Daily Intake (EDI) of Heavy Metals from Catfish Consumption (mg/kg/day)
	Metal
	Adults (Farmed)
	Adults (River)
	Children (Farmed)
	Children (River)

	Pb
	0.00041
	0.00093
	0.00092
	0.00210

	Cd
	0.00011
	0.00024
	0.00025
	0.00055

	As
	0.00019
	0.00038
	0.00043
	0.00086

	Hg
	0.00008
	0.00019
	0.00018
	0.00043



Table 6 indicates that hazard quotient values for individual metals remained below unity for adults consuming farmed catfish. However, children consuming river-caught catfish recorded elevated HQ values, particularly for arsenic (0.86) and lead (0.60), approaching the threshold of concern. Cadmium also contributed substantially to total risk, especially in children. These results demonstrate that while individual metal exposure may appear moderate, combined exposure poses potential health concerns for sensitive populations.
Table 6: Non-Carcinogenic Risk Assessment (Hazard Quotient, HQ)
	Metal
	HQ Adults (Farmed)
	HQ Adults (River)
	HQ Children (Farmed)
	HQ Children (River)

	Pb
	0.12
	0.27
	0.26
	0.60

	Cd
	0.11
	0.24
	0.25
	0.55

	As
	0.19
	0.38
	0.43
	0.86

	Hg
	0.04
	0.10
	0.09
	0.22




[image: file:///C:/Users/user/Downloads/a7088328-df28-4b8a-9f89-adef123ce4ba]Figure 2. Cumulative Non-Carcinogenic Health Risk from Catfish Consumption
Table 7 shows the cumulative non-carcinogenic health risk. Adults consuming farmed catfish had a hazard index of 0.46, indicating an acceptable risk. Adults consuming river-caught catfish recorded an HI of 0.99, approaching the critical threshold of 1. Children consuming farmed catfish showed a marginally elevated HI of 1.03, while children consuming river-caught catfish recorded a significantly higher HI of 2.23, indicating a clear potential health risk. This highlights the compounded effect of multiple metals and confirms that children are the most vulnerable population group.
Table 7: Cumulative Hazard Index (HI)
	Group
	Farmed Catfish
	River-Caught Catfish
	Risk Interpretation

	Adults
	0.46
	0.99
	Acceptable

	Children
	1.03
	2.23
	Potential health risk




4.0 Discussion 
The results of this study reveal a pronounced contrast between farmed and river-caught catfish in Rivers State, with river samples consistently exhibiting higher concentrations of all analysed metals. This pattern reflects the fundamental differences between semi-controlled aquaculture systems and open riverine environments (Ekwere et al., 2025). In aquaculture ponds, metal exposure is largely regulated by feed composition, source water quality, and sediment interactions, which tend to be relatively stable over time (Asemota et al., 2025). By contrast, river systems function as integrative sinks for multiple pollution inputs, including urban runoff, industrial effluents, petroleum-related discharges, agricultural activities, and atmospheric deposition, leading to sustained and cumulative exposure of aquatic organisms to contaminants. Similar observations have been reported for Clarias gariepinus from Bodo Creek, where wild fish showed elevated metal burdens linked to long-term environmental contamination of the Niger Delta creeks (Jimoh & Halliday, 2021).
In farmed catfish, iron was the dominant metal across all ponds, followed by zinc and copper. The prevalence of iron is not unexpected, as it is an essential element involved in oxygen transport and enzymatic functions in fish, and it is commonly present in commercial feeds and pond sediments (Onoja et al., 2025). Zinc and copper also occurred at moderate concentrations that remained well below FAO/WHO permissible limits, suggesting that their levels were largely influenced by nutritional supplementation rather than anthropogenic contamination (Okpoji et al., 2025). Comparable metal profiles have been reported for cultured catfish in Nigeria, where essential elements dominated tissue concentrations without posing immediate toxicological concern (Moruf, 2025). Nevertheless, the detection of cadmium at concentrations exceeding guideline limits in several farms indicates that aquaculture systems are not entirely insulated from toxic metal inputs. Cadmium may enter ponds through contaminated feed ingredients, groundwater used for pond filling, or historical accumulation in pond sediments, a phenomenon also observed in other Nigerian aquaculture settings (Koki et al., 2015).
Arsenic concentrations in farmed catfish were generally close to, or slightly above, recommended limits, which raises concern given the non-essential and toxic nature of this element. Even low-level arsenic exposure is significant due to its cumulative behaviour and potential carcinogenicity (Ekpe et al., 2025). Previous studies in the Niger Delta have documented arsenic bioaccumulation in aquatic organisms from both cultured and wild environments, attributing its presence to geogenic sources and petroleum-related activities (Anarado et al., 2023). Mercury recorded the lowest concentrations among the analysed metals in farmed fish and remained well below regulatory limits, indicating minimal exposure within the aquaculture systems investigated. This finding aligns with reports that mercury contamination is typically more pronounced in open water bodies than in controlled pond systems (Burger & Gochfeld, 2005).
River-caught catfish exhibited substantially higher metal concentrations than farmed samples, underscoring the influence of the surrounding environment on bioaccumulation processes. Elevated iron and zinc levels in river fish reflect the high sediment load and geochemical background of Niger Delta rivers, where fine-grained sediments act as reservoirs for metals that are readily taken up by benthic and demersal species. Lead and cadmium concentrations exceeded FAO/WHO limits at all river sites, highlighting persistent contamination of the aquatic environment. Similar exceedances have been widely reported in Niger Delta rivers and estuaries, where oil exploration, illegal refining, urban waste disposal, and industrial discharges contribute significantly to metal loading (Okpoji et al., 2025; Olotu et al., 2025). The consistently high arsenic concentrations in river-caught catfish further emphasise the severity of contamination, as arsenic is often associated with petroleum hydrocarbons and naturally enriched sediments in the deltaic environment (Yi et al., 2011).
The comparative analysis between farmed and river-caught catfish clearly demonstrates that wild fish are more vulnerable to environmental contamination. The pronounced differences observed for lead, cadmium, and arsenic suggest that these metals are strongly influenced by riverine pollution sources rather than dietary inputs alone. This finding is consistent with studies from other regions, where fish from polluted rivers accumulated significantly higher concentrations of non-essential metals than those reared in aquaculture systems (Esilaba et al., 2020). In Rivers State, continuous resuspension of contaminated sediments during tidal action and seasonal flooding likely enhances metal bioavailability, thereby increasing uptake by fish (Ogbaji et al., 2025).
Health risk assessment results further elucidate the implications of these contamination patterns. Estimated daily intake values were higher for river-caught catfish than for farmed fish across all metals, with children consistently showing greater exposure than adults due to lower body weight and higher intake relative to mass (Isueken et al., 2025). Although individual metal exposure levels appeared moderate in some cases, the combined effects of multiple metals resulted in hazard index values approaching or exceeding unity, particularly for children consuming river-caught catfish (Okpoji et al., 2025). This pattern mirrors findings from other African and Asian studies, where cumulative exposure rather than single-metal toxicity posed the greatest health concern (Yi et al., 2011; USEPA, 2011). The elevated contribution of lead, cadmium, and arsenic to total risk is particularly noteworthy, given their well-documented neurotoxic, nephrotoxic, and carcinogenic effects (FAO/WHO, 2011; Ewuola et al., 2025).
The results demonstrate that while farmed catfish from Rivers State generally present a lower toxicological risk, they are not entirely free from contamination, especially with respect to cadmium and arsenic. River-caught catfish, however, pose a significantly higher potential health risk, especially for children and frequent consumers. These findings reinforce growing evidence that the environmental quality of rivers in the Niger Delta remains a critical determinant of seafood safety and public health, and they underscore the need for continuous monitoring, stricter pollution control, and targeted public health advisories to reduce exposure to toxic metals through fish consumption (Jimoh & Halliday, 2021; Moruf, 2025).

Conclusion 
The findings of this study clearly indicate that heavy metal contamination in catfish varies significantly between aquaculture ponds and natural river systems in Rivers State. Farmed catfish generally contained lower concentrations of most metals, reflecting the relatively controlled nature of aquaculture environments. Nevertheless, the detection of cadmium and arsenic at levels approaching or slightly exceeding recommended limits in some farmed samples suggests that feed quality, pond sediments, and source water can still act as pathways for contamination. This highlights the need for routine monitoring even within managed aquaculture systems.
River-caught catfish consistently exhibited higher concentrations of all analysed metals, particularly lead, cadmium, and arsenic, with widespread exceedance of FAO and WHO guideline limits. These elevated levels reflect chronic exposure to contaminated sediments and water columns, driven by untreated domestic discharges, industrial effluents, oil-related activities, and diffuse runoff within the Niger Delta. The pronounced enrichment of metals in wild fish confirms that riverine ecosystems in the region function as long-term sinks for contaminants, which are subsequently transferred to higher trophic levels.
Human health risk assessment further underscores the implications of these findings. Estimated daily intake values and hazard indices were markedly higher for consumers of river-caught catfish, especially children, whose cumulative non-carcinogenic risk exceeded acceptable thresholds. Although individual metal exposures may appear moderate when assessed in isolation, their combined effects pose a tangible health concern for communities that rely heavily on wild fish as a protein source.
Based on these outcomes, continuous environmental surveillance of rivers and aquaculture facilities in Rivers State is strongly recommended, with particular emphasis on toxic metals such as lead, cadmium, and arsenic. Strengthening pollution control measures, including improved wastewater treatment and stricter regulation of industrial and oil-related discharges, is essential to reduce metal inputs into river systems. In aquaculture, regular assessment of feeds, pond sediments, and source water quality should be prioritised to minimise contamination risks. Public health advisories, especially targeting vulnerable groups such as children, should be developed to guide safe fish consumption practices while broader remediation and management strategies are implemented.
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