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Toxicity and Bioaccumulation of Heavy Metals and Polycyclic Aromatic Hydrocarbons in Estuarine Fish from the Andoni Estuary, Niger Delta, Nigeria

Abstract
Estuarine ecosystems of the Niger Delta are increasingly exposed to contaminants arising from petroleum exploration, gas flaring, artisanal refining, and domestic effluents. This study assessed heavy metals and polycyclic aromatic hydrocarbons (PAHs) in four edible estuarine species—Tilapia sp., Clarias gariepinus, Sarotherodon melanotheron, and Macrobrachium vollenhovenii—collected during the wet season (June–August) from the Andoni Estuary, Rivers State. A total of 24 samples (six per species) were analysed. Muscle tissues were digested and analysed for Pb, Cd, Hg, As, and Cr using atomic absorption spectrophotometry, while naphthalene, anthracene, fluoranthene, and benzo[a]pyrene was quantified using gas chromatography (GC-FID). Bioaccumulation factors (BAF) were calculated from concurrent water measurements. Lead (0.38–0.52 µg/g) and arsenic (0.10–0.15 µg/g) exceeded WHO limits, especially in Clarias gariepinus and Tilapia sp., whereas Cd, Hg, and Cr remained within permissible ranges. ΣPAHs were highest in Clarias gariepinus (0.58 µg/g), with benzo[a]pyrene detected in all species. BAF values exceeded 1 for all contaminants, confirming active bioaccumulation. These findings indicate chronic petroleum-related pollution in the Andoni Estuary and highlight potential human-health risks associated with fish consumption.
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1.0 Introduction
Estuarine ecosystems are among the most productive yet most vulnerable aquatic environments because they receive contaminants from both marine and terrestrial sources. In regions with intense industrial and petroleum activities, estuaries often act as sinks for toxic substances such as heavy metals and polycyclic aromatic hydrocarbons (PAHs), which readily accumulate in sediments and biota (Okpoji et al., 2025a). The Niger Delta of Nigeria exemplifies such a complex ecosystem, where decades of oil exploration, gas flaring, artisanal refining, agricultural runoff, and municipal discharges have significantly degraded water quality and threatened aquatic life. These pressures have resulted in persistent contamination of surface waters, sediments, and fisheries resources, posing ecological and public health challenges (Ekwere et al., 2025a).
Heavy metals such as lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), and chromium (Cr) are common contaminants in oil-impacted environments because of their use in drilling fluids, corrosion products, incomplete combustion, and industrial waste disposal (Aghanwa et al., 2025; Okpoji et al., 2025b). These metals do not degrade but instead bioaccumulate through the aquatic food chain, increasing in concentration at higher trophic levels. Previous studies across the Niger Delta have documented elevated heavy metal burdens in sediment, water, fish, and crustaceans, with several exceeding WHO and USEPA safety thresholds (Onoja et al., 2025; Umueni et al., 2025a). Their persistence and toxicity make them major contributors to ecological dysfunction and human health risks such as neurological impairment, renal toxicity, and carcinogenesis (USEPA, 2011; Stewart et al., 2000).
Polycyclic aromatic hydrocarbons (PAHs), another group of priority pollutants, originate from crude oil, petroleum combustion, gas flaring, and pyrolytic processes. Benzo[a]pyrene and related high-molecular-weight PAHs pose particular risk due to their mutagenic and carcinogenic properties, with benzo[a]pyrene classified as a Group 1 carcinogen (IARC, 2015). Studies across Nigeria have consistently detected PAHs in smoked fish, surface waters, sediments, and estuarine organisms, reflecting widespread hydrocarbon exposure (John et al., 2025). Atmospheric deposition mechanisms further enhance PAH loading, as soot particles emitted from gas flares and combustion sources settle into adjacent rivers and estuaries (Kallenborn et al., 2015). Such long-range and multi-pathway transport has been demonstrated in global pollution models, reinforcing the persistence and mobility of these compounds (Wania et al., 2006).
Fish are particularly important indicators of aquatic contamination because they integrate pollutants from water, sediments, and food sources over time. Their metabolic and physiological characteristics allow heavy metals and organic pollutants to accumulate in tissues, often at levels far exceeding those in surrounding water (Ekwere et al., 2025a). Studies in Mexico, Nigeria, and other tropical systems have shown significant bioaccumulation of PCBs, PBDEs, heavy metals, and PAHs in fish species exposed to contaminated environments (Oghenekohwiroro & Osaro, 2017). In the Niger Delta, similar contamination pathways have been reported, including bioaccumulation in crabs, tilapia, catfish, and other commercially important species (Ekpe et al., 2025). These trends are concerning because fish constitute a major source of protein for millions of residents, and exposure to contaminated seafood contributes to adverse health outcomes and reduced life expectancy (World Bank, 2014).
Although several studies have addressed specific contaminants within the region, there remains a need for integrated assessments combining heavy metals, PAHs, and bioaccumulation characteristics in estuarine fish species. Such studies are essential for understanding pollutant interactions, ecological risks, and potential human health implications. Additionally, improved environmental governance and monitoring efforts—as highlighted by (Okpoji et al., 2025c) require robust scientific evidence to guide regulatory decision-making and pollution control strategies.
This study specifically focuses on four commonly harvested and consumed estuarine organisms—Tilapia sp. (tilapia), Clarias gariepinus (African catfish), Sarotherodon melanotheron (black-chin tilapia), and Macrobrachium vollenhovenii (African river prawn)—which represent different trophic levels and feeding behaviours relevant to contaminant uptake.
2.0 Materials and Methods
2.1 Study Area
The study was conducted in the Andoni Estuary, located in the eastern part of the Niger Delta region, Rivers State, Nigeria. The estuarine system lies between Latitude 4°27′N and 4°34′N and Longitude 7°22′E and 7°29′E, and is characterised by a network of brackish creeks, mangrove swamps, and tidal channels that drain into the Atlantic Ocean. The area experiences a tropical humid climate with distinct wet (April–October) and dry (November–March) seasons, which influence hydrodynamic mixing, salinity variations, and pollutant transport.
The Andoni Estuary receives freshwater inflows from the Imo River and several adjoining creeks while also being influenced by tidal incursions from the Atlantic Ocean. This interaction results in a dynamic physicochemical environment that enhances the mobility and distribution of contaminants. The estuary is bordered by several fishing settlements, including Ngo, Ataba, Asarama, and Unyeada, whose livelihoods depend heavily on artisanal fishing and subsistence harvesting of aquatic resources.
The study area is located within an oil-producing corridor affected by multiple pollution sources such as gas flaring, petroleum exploration, artisanal refining, boat traffic, industrial emissions, and domestic waste disposal. Previous environmental assessments have reported elevated levels of hydrocarbons, heavy metals, and persistent organic pollutants in water, sediments, and biota within nearby estuarine systems of the Niger Delta. These anthropogenic inputs make the Andoni Estuary a relevant location for assessing contaminant accumulation in fish species, given the region’s ecological importance and reliance on fish as a major source of dietary protein.
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Figure 1: Study Area Map of the Andoni Estuary, Rivers State, Nigeria
2.2 Sample Collection and Identification
Four fish and crustacean species widely consumed in the region were selected: Tilapia sp., Clarias gariepinus, Sarotherodon melanotheron, and Macrobrachium vollenhovenii. A total of 24 samples (six individuals per species) were collected using artisanal fishing nets during early morning hours to minimise physiological stress. Samples were placed in pre-cleaned ice chests and transported immediately to the laboratory for analysis. Species identification was carried out using standard taxonomic keys based on morphological characteristics.
2.3 Sample Preparation
Fish were washed with deionised water to remove surface contaminants. Muscle tissues were dissected using stainless-steel scalpels to avoid trace-metal interference. Each tissue sample was homogenised using a glass blender and preserved in acid-washed polyethene containers at −20°C pending analysis. All instruments were pre-treated with 10% nitric acid to prevent contamination. Sample preparation followed standard APHA protocols (APHA, 2017) and FAO/WHO guidelines for trace-metal analysis in fish tissues.
2.4 Heavy Metal Digestion and Analysis
Heavy metals (Pb, Cd, Hg, As, and Cr) were quantified following standard acid digestion procedures according to APHA (2017). Approximately 2.0 g of homogenised fish tissue was digested using a mixture of concentrated nitric acid (HNO₃) and perchloric acid (HClO₄) in a 3:1 ratio. Digestion was performed on a hot plate at 120°C until clear solutions were obtained. After cooling, samples were diluted to 25 ml with deionised water and filtered through 0.45 µm membrane filters. Acid digestion was performed according to the APHA 3030E and 3111B methods (APHA, 2017). The use of nitric–perchloric acid ensured complete oxidation of organic matrices. Metal concentrations were determined using Atomic Absorption Spectrophotometry (AAS; PerkinElmer Analyst Series). Mercury was analysed using cold vapour AAS, while other metals were analysed using flame AAS. Calibration curves were prepared using certified reference standards, and blank analyses were run to correct for background contamination.
2.5 PAH Extraction and Gas Chromatography Analysis
PAHs (naphthalene, anthracene, fluoranthene, and benzo[a]pyrene) were extracted using the solvent extraction technique. Approximately 5.0 g of tissue sample was mixed with 20 ml of n-hexane/dichloromethane (1:1 v/v) and subjected to ultrasonic extraction for 30 minutes. The extract was concentrated on a rotary evaporator at 40°C and cleaned using silica gel column chromatography. Quantification was carried out using Gas Chromatography coupled with a Flame Ionisation Detector (GC-FID; Agilent Technologies). A fused-silica capillary column was used for separation, and instrument calibration was performed using certified PAH standards. The sum of individual PAHs was reported as ΣPAHs for each species. The PAH extraction followed USEPA Method 3550C (ultrasonic extraction) and Method 3630C (silica clean-up). GC-FID quantification was based on USEPA Method 8100.
2.6 Bioaccumulation Factor Determination
Bioaccumulation factors (BAF) for heavy metals and PAHs were calculated as the ratio of contaminant concentration in fish tissue (C_fish) to its corresponding concentration in the surrounding water (C_water). Water samples were collected concurrently at each fishing site in pre-cleaned amber bottles and analysed using identical AAS and GC-FID procedures.
BAF was calculated using the expression:
BAF = C_fish / C_water
Values greater than 1 indicate a tendency for accumulation, while values above 2 indicate high bioaccumulation potential.
2.7 Quality Assurance and Quality Control
Quality control procedures included the use of analytical blanks, duplicate samples, and certified reference materials (CRM) for both heavy metals and PAHs. Recovery values ranged between 85% and 105%, indicating acceptable analytical accuracy. All glassware and containers were acid-washed, and calibration checks were performed every 10 runs to ensure instrument stability. Analytical accuracy was checked using certified reference materials (CRM-Fish 2005). Instrument calibration followed USEPA trace-metal calibration protocols. 
2.8 Data Analysis
Results were expressed in micrograms per gram (µg/g wet weight). ΣPAHs was computed as the sum of the four priority PAHs analysed. Bioaccumulation patterns across species were compared descriptively. Analytical results were evaluated against the WHO/FDA permissible limits for food safety to assess potential health risks associated with fish consumption.
2.9 Ethical Considerations
No formal ethical approval was obtained for this study because the sampling involved non-invasive collection of wild fish from open-access estuarine waters, and no experimental procedures, captivity, breeding, feeding trials, or in-vivo toxicity tests were conducted. The fish were harvested using standard artisanal gears similar to those routinely used by local fishermen. All handling and processing of specimens followed internationally accepted guidelines for the ethical use of animals in field research, ensuring minimal stress and humane treatment throughout the study.

3.0 Results
The concentrations of heavy metals, polycyclic aromatic hydrocarbons (PAHs), and corresponding bioaccumulation factors (BAFs) in estuarine fish species were evaluated to determine toxicity risk and potential human exposure. Four aquatic species commonly consumed within the Niger Delta region were analysed: Tilapia sp., Clarias gariepinus, Sarotherodon melanotheron, and Macrobrachium vollenhovenii. The results are summarised in Tables 1–3.

3.1 Heavy Metal Concentrations in Fish
The distribution of heavy metals (Pb, Cd, Hg, As, and Cr) varied across species, indicating differing exposure pathways and ecological behaviours. Lead (Pb) exhibited the highest concentrations among the analysed metals, ranging from 0.38 to 0.52 µg/g. The highest Pb burden occurred in Clarias gariepinus (0.52 µg/g), followed by Tilapia sp. (0.45 µg/g). These values exceed the WHO/FDA permissible limit of 0.3 µg/g, suggesting significant environmental contamination likely associated with petroleum activities and industrial discharges in the Andoni Estuary.
Arsenic (As) concentrations ranged from 0.10 to 0.15 µg/g, with Clarias gariepinus again presenting the highest accumulation (0.15 µg/g), slightly above the recommended safety threshold of 0.1 µg/g. Tilapia sp. (0.12 µg/g) also exceeded this limit, while Sarotherodon melanotheron and Macrobrachium vollenhovenii fell within or near the permissible range.
In contrast, cadmium (Cd) concentrations were relatively low (0.01–0.03 µg/g), remaining well below the permissible limit of 0.05 µg/g. Mercury (Hg) levels (0.05–0.12 µg/g) and chromium (Cr) concentrations (0.28–0.35 µg/g) were also within acceptable ranges. Despite being within limits, the presence of Cd, Hg, and Cr across all species indicates sustained, chronic exposure to multiple contaminant sources.
The metal profile demonstrates that Pb and As are the key contaminants of concern, with Clarias gariepinus and Tilapia sp. showing the greatest vulnerability. These patterns reflect species-specific feeding strategies, bottom–water interactions, and pollutant bioavailability within the estuary as shown in Table 1.
Table 1: Heavy Metals in Fish (µg/g wet weight)

	Species
	Pb
	Cd
	Hg
	As
	Cr
	WHO/FDA Limits (µg/g)

	Tilapia sp.
	0.45
	0.02
	0.08
	0.12
	0.30
	Pb 0.3, Cd 0.05, Hg 0.5, As 0.1, Cr 1.0

	Clarias gariepinus
	0.52
	0.03
	0.12
	0.15
	0.35
	-

	Sarotherodon melanotheron
	0.38
	0.01
	0.05
	0.10
	0.28
	-

	Macrobrachium vollenhovenii
	0.41
	0.02
	0.07
	0.11
	0.31
	-
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Figure 2: Heavy Metal Concentrations in Fish (µg/g)
3.2 PAH Concentrations in Fish
PAH concentrations showed distinct interspecies differences, reflecting varying exposure routes and ecological niches. The total PAH load (ΣPAHs) ranged from 0.33 to 0.58 µg/g, with Clarias gariepinus exhibiting the highest value (0.58 µg/g). This elevated ΣPAH level suggests increased exposure to petroleum-derived hydrocarbons, likely due to its benthic feeding habits and prolonged contact with contaminated sediments.
Tilapia sp. recorded ΣPAHs of 0.40 µg/g, while Macrobrachium vollenhovenii and Sarotherodon melanotheron exhibited moderate PAH burdens (0.39 µg/g and 0.33 µg/g, respectively).
Among the individual PAHs analysed, naphthalene and fluoranthene were most abundant, indicating combined petrogenic and pyrogenic input sources. Benzo[a]pyrene—a known carcinogenic PAH—was detected in all species at 0.04–0.08 µg/g, with the highest level also found in Clarias gariepinus. These results demonstrate that hydrocarbon contamination is pervasive across species, reflecting the influence of gas flaring emissions, artisanal refining activities, boat traffic, and long-term petroleum pollution in the region as shown in Table 2.
Table 2: PAH Concentration in Fish (µg/g wet weight)
	Species
	Naphthalene
	Anthracene
	Fluoranthene
	Benzo[a]pyrene
	ΣPAHs
	Safe Range (µg/g)

	Tilapia sp.
	0.15
	0.08
	0.12
	0.05
	0.40
	0.1–0.5

	Clarias gariepinus
	0.20
	0.12
	0.18
	0.08
	0.58
	-

	Sarotherodon melanotheron
	0.12
	0.07
	0.10
	0.04
	0.33
	-

	Macrobrachium vollenhovenii
	0.14
	0.09
	0.11
	0.05
	0.39
	-


[image: file:///C:/Users/user/Downloads/508bfe6e-c701-4ea7-93c6-45a5be31cf0d]
Figure 3: PAH Concentrations in Fish (µg/g)
3.3 Bioaccumulation Factors (BAF)
Bioaccumulation factors were calculated to assess the degree of contaminant uptake relative to water concentrations. All species recorded BAF values greater than 1, confirming active accumulation of both heavy metals and PAHs from the surrounding environment.
Clarias gariepinus consistently showed the highest BAF values—Pb (3.0), Hg (2.1), Cr (2.3), and PAHs (2.0)—indicating strong bioaccumulation potential. This trend corresponds with its demersal lifestyle and greater contact with contaminated sediments and organic matter.
Tilapia sp. exhibited moderate BAF values, particularly for Pb (2.5) and Cr (2.0), suggesting significant but comparatively lower accumulation efficiency. Meanwhile, Sarotherodon melanotheron and Macrobrachium vollenhovenii recorded BAFs ranging between 1.0 and 2.4, indicating exposure but slightly lower bioaccumulation tendencies. Collectively, these results highlight that bioaccumulation is occurring across all trophic levels in the Andoni Estuary, with the highest values in species occupying benthic or bentho-pelagic ecological niches. The elevated BAFs for Pb and Cr in particular suggest persistent environmental loading and long-term contamination rather than isolated pollution events as shown in Table 3.
Table 3: Bioaccumulation Factor (BAF)
	Species
	Pb BAF
	Cd BAF
	Hg BAF
	As BAF
	Cr BAF
	PAH BAF

	Tilapia sp.
	2.5
	1.2
	1.8
	1.0
	2.0
	1.5

	Clarias gariepinus
	3.0
	1.5
	2.1
	1.2
	2.3
	2.0

	Sarotherodon melanotheron
	2.2
	1.0
	1.5
	0.9
	1.8
	1.3

	Macrobrachium vollenhovenii
	2.4
	1.1
	1.7
	1.0
	2.0
	1.4
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 Figure 4: Bioaccumulation Factors (BAF)
4.0 Discussion
The concentrations of heavy metals and polycyclic aromatic hydrocarbons (PAHs) detected in the examined estuarine fish species indicate an environment under sustained anthropogenic stress, typical of oil-bearing regions of the Niger Delta. The elevated levels of lead and arsenic observed in Tilapia sp. and Clarias gariepinus are consistent with findings from previous studies in polluted creek systems where petroleum activities, gas flaring, and urban effluent discharge drive metal enrichment in aquatic organisms (Aghanwa et al., 2025; Okpoji et al., 2025d). These contaminants enter the estuarine food web through atmospheric deposition, sediment–water interactions, and the uptake of dissolved metals, processes well-documented in oil-impacted systems within the Nigeri Delta (Okagbare et al., 2025).
Lead levels in all four species exceeded WHO/FDA limits, suggesting a persistent contamination source likely linked to petroleum combustion residues, corroded pipelines, and urban runoff. Similar exceedances have been reported in blue crab tissues from the Niger Delta (Okpoji et al., 2025d), confirming the regional significance of Pb pollution. The moderate but concerning arsenic concentrations align with observations from polluted rivers where hydrocarbon spills and industrial effluents enrich dissolved arsenic, increasing the likelihood of uptake by fish (Okpoji et al., 2025e; Umueni et al., 2025b). Although mercury, cadmium, and chromium remained within acceptable limits, their presence underscores the cumulative loading of contaminants in estuarine environments subjected to long-term exploitation.
The PAH concentrations measured in the species, especially the elevated ΣPAH value in Clarias gariepinus, further demonstrate the influence of hydrocarbon contamination. This pattern mirrors findings in smoked and dried fish analysed by Ekwere et al. (2025b) and John et al. (2025), where pyrogenic PAHs predominated, highlighting the widespread nature of combustion-derived pollution in Nigeria. The presence of benzo[a]pyrene in all species is particularly important because it is classified as a Group 1 carcinogen by the International Agency for Research on Cancer (IARC, 2015). Its detection supports earlier reports of chronic hydrocarbon exposure in Rivers and Delta States, where PAHs were found in sediments, water, and biota at concentrations requiring environmental management intervention (Okpoji et al., 2025f; Eyenubo et al., 2024).
The bioaccumulation factors (BAF > 1 across contaminants) confirm that the species actively accumulate pollutants from their environment. Clarias gariepinus, exhibiting the highest BAF values for heavy metals and PAHs, demonstrates a high capacity for bioaccumulation. This agrees with evidence from tropical aquatic systems where detritivorous and omnivorous fish accumulate persistent organic and inorganic toxicants more readily due to their feeding strategies and benthic interactions (Ernesto et al., 2021; Oghenekohwiroro & Osaro, 2017). Similarly, Okpoji et al. (2025g) documented significant bioaccumulation of metals in crabs from oil-polluted creeks, showing comparable biomagnification tendencies.
The transport and persistence of contaminants observed in this study can be linked to environmental processes described by Wania et al. (2006), where fugacity-driven partitioning facilitates the movement of persistent organic pollutants (POPs) through multiple environmental compartments. Atmospheric transport models also support this behaviour, suggesting that emissions from gas flares and combustion sources are capable of long-range distribution and deposition into aquatic bodies (Kallenborn et al., 2015). Additionally, Ekpe et al. (2025) highlighted the role of surface runoff and irrigation return flows in mobilising contaminants into water systems, demonstrating that multiple diffuse pathways contribute to pollutant loading.
The ecological and human health implications of these findings are significant. Chronic exposure to Pb, As, and PAHs has been linked to behavioural, neurological, and developmental toxicity in humans (Stewart et al., 2000; ATSDR, 1997; USEPA, 2011). In regions with high fish consumption, such as the Niger Delta, prolonged ingestion of contaminated seafood can compound health risks, potentially lowering life expectancy already affected by environmental stressors (Okpoji et al., 2025h). Fish are key protein sources, and contamination levels above regulatory thresholds raise concerns for vulnerable populations, particularly children and pregnant women.
The presence of these contaminants also reflects ongoing environmental governance challenges. Anarado et al., (2023) note that while regulatory frameworks exist for managing hazardous pollutants such as PCBs, PAHs, and heavy metals, enforcement barriers persist in developing regions, especially within complex socio-environmental landscapes like the Niger Delta. The findings of this study therefore reinforce calls for stronger monitoring, improved waste management, and enhanced policy implementation to address pollution at its source.
Conclusion
This study assessed the levels of heavy metals and polycyclic aromatic hydrocarbons (PAHs) in four commonly consumed estuarine fish species and demonstrated clear evidence of contamination linked to anthropogenic activities within the Niger Delta environment. Lead and arsenic exceeded international safety limits in several species, while all organisms contained detectable PAHs, including the carcinogenic benzo[a]pyrene. The elevated ΣPAH values in Clarias gariepinus and the consistently high bioaccumulation factors recorded across species indicate chronic pollutant exposure and active uptake from the surrounding aquatic environment.
The contamination profiles observed reflect the cumulative influence of gas flaring, petroleum spills, combustion by-products, and diffuse runoff, which have been widely reported in the region. The presence of these toxicants in edible fish tissues raises significant food safety and public health concerns, particularly for communities relying heavily on fish as a primary protein source. Although some metals remained within permissible limits, the combined burden of heavy metals and PAHs signals long-term ecological stress and potential human health risks through dietary exposure. The findings underscore the need for continuous environmental monitoring, stricter regulatory enforcement, and effective pollution control strategies tailored to the unique challenges of the Niger Delta. Mitigation efforts such as improved waste management, strengthened oil spill response, and community-level awareness programmes are essential to reducing contaminant input into estuarine systems.
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