


Biomarker Responses in Fish and Crustaceans Exposed to Heavy Metals and Petroleum Hydrocarbons in the Qua Iboe Estuary, Niger Delta


Abstract
Aquatic organisms inhabiting petroleum-impacted estuaries of the Niger Delta are frequently exposed to complex mixtures of heavy metals and hydrocarbons capable of inducing biochemical and physiological stress. This study evaluated the concentrations of Pb, Cd, Hg, As, Cr, and total petroleum hydrocarbons (TPH) in Tilapia sp., Clarias gariepinus, and Macrobrachium vollenhovenii collected from the Qua Iboe Estuary, Akwa Ibom State, Nigeria, and assessed corresponding biomarker responses as indicators of pollutant-induced oxidative stress. Heavy metals were quantified using atomic absorption spectrophotometry, while TPH was determined through Soxhlet extraction. Catalase (CAT), glutathione S-transferase (GST), and malondialdehyde (MDA) were analysed as enzymatic and oxidative stress markers. Metal concentrations ranged from 0.40–0.55 µg/g (Pb), 0.02–0.03 µg/g (Cd), 0.08–0.13 µg/g (Hg), 0.11–0.16 µg/g (As), and 0.29–0.36 µg/g (Cr), while TPH values were between 3.5 and 4.5 mg/kg. Clarias gariepinus accumulated the highest pollutant levels, corresponding with the strongest biomarker responses (CAT: 52 U/mg protein; GST: 38 U/mg protein; MDA: 3.2 nmol/mg). Seasonal comparisons showed higher wet-season TPH (3.8–4.5 mg/kg), Pb (0.42–0.57 µg/g), and MDA (2.6–3.4 nmol/mg), indicating increased contaminant influx during periods of runoff. Findings show that fish and crustaceans in the Qua Iboe Estuary experience significant oxidative stress linked to chronic exposure to petroleum-derived and metal contaminants. These biomarker alterations provide early warning evidence of ecological degradation and highlight potential human health concerns for communities dependent on these species for food. Strengthened environmental monitoring and targeted pollution-control measures are urgently required to mitigate further ecological and public health risks.
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1.0 Introduction
Estuarine ecosystems in the Niger Delta are exposed to increasing levels of anthropogenic contamination resulting from petroleum exploration, gas flaring, artisanal refining, pipeline leakages, industrial effluents, and poorly managed domestic waste disposal. These activities introduce persistent pollutants into the aquatic environment, including heavy metals and petroleum-derived hydrocarbons, which readily accumulate in sediments and biota. Numerous studies across the Niger Delta have documented elevated pollutant loads in surface water, sediment, fish, and crustaceans, reflecting decades of environmental degradation associated with oil and gas activities (Aghanwa et al., 2025; Okpoji et al., 2025; Umueni et al., 2025). The ecological sensitivity of estuarine environments, coupled with their socio-economic importance, makes them particularly vulnerable to pollutant inputs transported through atmospheric fallout, river discharge, stormwater runoff, and tidal exchange.
Heavy metals such as lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), and chromium (Cr) are of particular concern due to their ability to persist in aquatic ecosystems and bioaccumulate through the food chain. They originate from drilling fluids, corroded pipelines, industrial combustion, and effluent discharge (Aghanwa et al., 2025; Ekpe et al., 2025). Unlike organic contaminants, heavy metals cannot be degraded and therefore accumulate in fish and crustaceans, often reaching concentrations capable of eliciting toxicological effects (ATSDR, 1997). Elevated levels of these metals have been reported in aquatic organisms across Nigeria and other developing regions, with documented risks to both ecological and human health (Eyenubo et al., 2024; Oghenekohwiroro & Osaro, 2017; Ernesto et al., 2021).
Petroleum hydrocarbons, including total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAHs), constitute another major contaminant class in the Niger Delta. Chronic gas flaring releases soot and semi-volatile organic compounds into the atmosphere, which are later deposited into water bodies through rainfall and dry deposition. These processes have been confirmed as significant pathways for hydrocarbon dissemination in coastal zones (Kallenborn et al., 2015; Wania et al., 2006). PAHs such as benzo[a]pyrene are classified as Group 1 carcinogens (IARC, 2015), and their presence in estuarine species has been repeatedly reported in smoked fish, raw fish, sediments, and surface waters from petroleum-impacted environments (Ekwere et al., 2025; John et al., 2025; Okpoji et al., 2025). TPH contamination in particular is a hallmark of regions with active petroleum production and serves as a proxy for petrogenic hydrocarbon exposure.
In recent years, biochemical biomarkers have emerged as powerful tools for assessing sub-lethal toxic effects in aquatic organisms. Antioxidant enzymes such as catalase (CAT) and glutathione S-transferase (GST) respond rapidly to xenobiotic exposure by neutralising reactive oxygen species generated during contaminant metabolism. Malondialdehyde (MDA), a lipid peroxidation product, serves as a sensitive indicator of oxidative damage to cell membranes. Biomarker responses have been used globally to evaluate contaminant-induced stress in fish and crustaceans and are particularly valuable for early detection of pollutant effects before overt clinical or population-level changes occur (Ernesto et al., 2021; Oghenekohwiroro & Osaro, 2017; Ekwere et al., 2025).
Despite extensive research on environmental contamination in the Niger Delta, integrated assessments linking chemical pollutant loads with enzymatic and oxidative stress biomarkers across multiple aquatic species remain limited. Additionally, seasonal variations, which influence contaminant transport through rainfall-driven runoff and hydrodynamic shifts, are often overlooked. Understanding these dynamics is essential for accurate ecological risk assessment and the protection of communities that rely heavily on estuarine resources for food and income.
This study, therefore, investigates the concentrations of heavy metals and petroleum hydrocarbons in Tilapia sp., Clarias gariepinus, and Macrobrachium vollenhovenii collected from the Qua Iboe Estuary in Akwa Ibom State. It further evaluates biomarker responses—catalase, glutathione S-transferase, and malondialdehyde—as indicators of contaminant-induced oxidative stress and examines seasonal differences in pollutant loads.
2.0 Materials and Methods 
2.1 Study Area
The study was conducted in the Qua Iboe Estuary located in Akwa Ibom State, southeastern Niger Delta, Nigeria. The estuary lies between Latitude 4°32′N–4°38′N and Longitude 7°50′E–8°02′E and is characterised by a network of tidal creeks, mangrove wetlands, and brackish channels that drain into the Atlantic Ocean. The region experiences a humid tropical climate with a distinct wet season (April–October) marked by high rainfall and runoff, and a dry season (November–March) dominated by tidal flushing and reduced freshwater inflow. The area is strongly influenced by petroleum-related activities, including crude oil transport, coastal loading operations, and artisanal refining, which contribute to the continuous input of hydrocarbons and associated heavy metals. The estuary also supports extensive artisanal fishing, making it an important biological and socio-economic resource.
2.2 Sample Collection
Three aquatic organisms commonly consumed in the region were selected: Tilapia sp., Clarias gariepinus, and Macrobrachium vollenhovenii. Samples were collected during both wet and dry seasons to evaluate seasonal variations in contaminant exposure and biomarker responses. Fish and prawn samples were obtained using artisanal fishing nets and baited traps at three established landing points along the estuary. Immediately after capture, organisms were placed in labelled ice-cooled containers and transported to the laboratory within 3–4 hours to preserve biochemical integrity.
2.3 Tissue Dissection and Preparation
In the laboratory, samples were rinsed with distilled water to remove debris. Muscle tissues were excised using acid-washed stainless-steel scalpels to prevent trace metal contamination. Approximately 5 g of each tissue was homogenised using a glass homogeniser. Aliquots for heavy metal and TPH analysis were stored at −20°C, while those for biomarker analysis were processed immediately to prevent enzymatic degradation.
2.4 Heavy Metal Analysis
Heavy metals (Pb, Cd, Hg, As, Cr) were quantified following standard wet digestion procedures. One gram of homogenised muscle tissue was placed in a digestion flask and treated with 10 ml of a 3:1 mixture of concentrated nitric acid (HNO₃) and perchloric acid (HClO₄). Digestion was carried out on a temperature-controlled hot plate until a clear digest was obtained. After cooling, samples were filtered, diluted to 25 ml with deionised water, and analysed using Atomic Absorption Spectrophotometry (AAS). Calibration curves were prepared using certified standard solutions, and reagent blanks were included to ensure analytical accuracy.
2.5 Total Petroleum Hydrocarbon (TPH) Determination
TPH in muscle tissues was measured using Soxhlet extraction. Approximately 2 g of homogenised tissue was placed in a cellulose extraction thimble and extracted with n-hexane for 6 hours. The extract was concentrated using a rotary evaporator at 40°C, and residual hydrocarbons were quantified spectrophotometrically at 420 nm. Results were expressed as mg/kg wet weight.
2.6 Biomarker Assays
Biomarker analysis was performed to evaluate enzymatic and oxidative stress responses associated with contaminant exposure.
• Catalase (CAT) activity was determined based on the decomposition rate of hydrogen peroxide and expressed as units per milligram of protein (U/mg).
• Glutathione S-transferase (GST) activity was measured using 1-chloro-2,4-dinitrobenzene (CDNB) as the substrate, with activity expressed in U/mg protein.
• Malondialdehyde (MDA), an indicator of lipid peroxidation, was quantified using the thiobarbituric acid reactive substances (TBARS) method and expressed in nmol/mg protein.
Protein concentration was determined using the Lowry method to normalise biomarker data.
2.7 Seasonal Assessment
To evaluate seasonal influences, Tilapia sp. and Clarias gariepinus were sampled in both wet and dry seasons. Differences in TPH, Pb, and MDA values were compared descriptively to determine the impact of rainfall-driven runoff and tidal flushing on contaminant distribution and physiological responses.
2.8 Quality Assurance and Quality Control
All analytical reagents were of analytical grade. Glassware was soaked in 10% nitric acid and rinsed thoroughly with deionised water before use. Instrument calibration achieved correlation coefficients (R² > 0.995). Digestion and extraction recoveries ranged from 85–105%, confirming acceptable analytical accuracy. Biomarker assays were performed in triplicate to ensure reproducibility.
3.0 Results
This study examined hydrocarbon and heavy metal concentrations in selected fish and crustacean species, alongside biomarker responses indicative of oxidative stress resulting from pollutant exposure. In addition, seasonal variations in total petroleum hydrocarbons (TPH), heavy metals, and oxidative stress markers were assessed for Tilapia sp. and Clarias gariepinus. The results are presented in Tables 1–3.
3.1 Hydrocarbon and Heavy Metal Levels in Tissues
The concentrations of Pb, Cd, Hg, As, Cr, and total petroleum hydrocarbons (TPH) varied across species (Table 1). Lead (Pb) levels ranged from 0.40–0.55 µg/g, with Clarias gariepinus recording the highest concentration (0.55 µg/g). Cadmium (Cd) remained low across species (0.02–0.03 µg/g), while mercury (Hg) ranged from 0.08–0.13 µg/g, again with Clarias gariepinus showing the highest value. Arsenic (As) concentrations were between 0.11 and 0.16 µg/g, and chromium (Cr) ranged from 0.29 to 0.36 µg/g. TPH values ranged from 3.5–4.2 mg/kg, showing measurable hydrocarbon exposure in all species.
Clarias gariepinus consistently exhibited the highest concentrations of all measured contaminants, indicating its strong susceptibility to bioaccumulation, possibly due to benthic feeding habits and increased contact with sediment-associated pollutants.
Table 1: Hydrocarbon & Heavy Metal Levels in Tissues (µg/g; TPH in mg/kg)
	Species
	Pb
	Cd
	Hg
	As
	Cr
	TPH (mg/kg)

	Tilapia sp.
	0.40
	0.02
	0.09
	0.11
	0.29
	3.5

	Clarias gariepinus
	0.55
	0.03
	0.13
	0.16
	0.36
	4.2

	Macrobrachium vollenhovenii
	0.42
	0.02
	0.08
	0.12
	0.31
	3.8


[image: file:///C:/Users/user/Downloads/49114542-e316-403f-bd53-83f726140671]
Figure 1: Total Petroleum Hydrocarbons (TPH) in Species)
3.2 Biomarker Responses (Enzymatic and Oxidative Stress Indicators)
Biomarker responses measured through catalase (CAT), glutathione S-transferase (GST), and malondialdehyde (MDA) showed species-specific variations (Table 2). CAT activity ranged from 45–52 U/mg protein, with Clarias gariepinus displaying the highest value (52 U/mg protein) as shown in Figure 2
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Figure 2: Catalase (CAT) Activity in Species
GST activity followed a similar pattern, with Clarias gariepinus recording the highest value (38 U/mg protein) and Tilapia sp. the lowest (30 U/mg protein), as shown in Figure 3. 
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MDA, an indicator of lipid peroxidation and oxidative damage, ranged from 2.5–3.2 nmol/mg protein, again highest in Clarias gariepinus (3.2 nmol/mg) as shown in Figure 4.
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Figure 4: Malondialdehyde (MDA) Levels in Species
These trends indicate that species with higher contaminant burdens exhibited stronger oxidative stress responses, supporting the relationship between toxicant exposure and biomarker activation.
Table 2: Biomarkers (Enzymatic & Oxidative Stress)
	Species
	CAT (U/mg protein)
	GST (U/mg protein)
	MDA (nmol/mg protein)

	Tilapia sp.
	45
	30
	2.5

	Clarias gariepinus
	52
	38
	3.2

	Macrobrachium vollenhovenii
	48
	32
	2.8



3.3 Seasonal Comparison (Wet vs Dry Season)
Seasonal differences in TPH, Pb, and MDA were observed for Tilapia sp. and Clarias gariepinus (Table 3). TPH concentrations were higher during the wet season (Tilapia sp.: 3.8 mg/kg; Clarias gariepinus: 4.5 mg/kg) than the dry season (3.2 and 3.9 mg/kg, respectively). Wet-season Pb values were also slightly elevated relative to the dry season.
MDA levels followed the same pattern, indicating greater oxidative stress during the wet season, likely due to increased runoff transporting hydrocarbons and metals into the aquatic environment.
Table 3: Seasonal Comparison (Wet vs Dry)
	Species
	TPH Wet
	TPH Dry
	Pb Wet
	Pb Dry
	MDA Wet
	MDA Dry

	Tilapia sp.
	3.8
	3.2
	0.42
	0.38
	2.6
	2.4

	Clarias gariepinus
	4.5
	3.9
	0.57
	0.53
	3.4
	3.0




4.0 Discussion
The results of this study demonstrate clear evidence that fish and crustaceans inhabiting the Qua Iboe Estuary are continuously exposed to petroleum hydrocarbons and heavy metals, resulting in measurable biochemical stress responses. The elevated concentrations of lead, mercury, arsenic, chromium, and total petroleum hydrocarbons (TPH) observed in Tilapia sp., Clarias gariepinus, and Macrobrachium vollenhovenii indicate chronic pollution from multiple anthropogenic sources typical of the Niger Delta. Similar pollution signatures have been documented in aquatic ecosystems subjected to gas flaring, pipeline leakages, petroleum handling activities, and domestic effluent discharge (Aghanwa et al., 2025; Ekpe et al., 2025). The contaminant levels recorded in Clarias gariepinus were consistently higher across all parameters, suggesting greater susceptibility due to its benthic feeding behaviour and frequent interaction with sediment-bound pollutants.
The heavy metal concentrations observed in this study align with patterns previously reported in various aquatic organisms within the Niger Delta. Studies by Okpoji et al. (2025) and Eyenubo et al. (2024) similarly showed elevated Pb, As, and Cr levels in fish and sediments from petroleum-impacted rivers and creeks, emphasising the persistence of metal contaminants in estuarine environments. Metals such as Pb, Cd, and Hg are of particular concern due to their non-biodegradable nature, strong affinity for tissues, and potential for biomagnification (ATSDR, 1997). Their presence at measurable concentrations across species reflects long-term ecological stress, as seen in other contaminated tropical ecosystems (Ernesto et al., 2021; Oghenekohwiroro & Osaro, 2017).
The TPH concentrations recorded (3.2–4.5 mg/kg) further confirm hydrocarbon exposure in the study organisms. Petroleum hydrocarbons enter estuaries through direct spills, gas flaring emissions, atmospheric fallout, and urban runoff (Okpoji et al., 2025). Atmospheric deposition of soot-associated hydrocarbons, as described by Aghanwa et al. (2025), remains an important pathway for hydrocarbon contamination in coastal ecosystems of the Niger Delta. Global studies also indicate that volatile and semi-volatile hydrocarbons can undergo long-range atmospheric transport before deposition (Kallenborn et al., 2015; Wania et al., 2006), supporting the likelihood of both local and regional input pathways into the Qua Iboe Estuary.
The biomarker responses (CAT, GST, and MDA) observed in this study provide strong biochemical evidence that the organisms are undergoing oxidative stress as a result of contaminant exposure. Higher CAT and GST activities in Clarias gariepinus and Macrobrachium vollenhovenii correspond with their elevated metal and hydrocarbon levels, reinforcing the relationship between contaminant dose and antioxidant enzyme activation. These biomarkers are sensitive indicators of exposure to xenobiotics, including PAHs, petroleum hydrocarbons, and heavy metals, as reported in previous studies across the Niger Delta and other polluted aquatic systems (Ekwere et al., 2025; John et al., 2025). Elevated MDA levels indicate lipid peroxidation, suggesting cellular membrane damage induced by reactive oxygen species generated during the biotransformation of toxicants.
Seasonal differences in TPH, Pb, and MDA show a consistent pattern of higher values during the wet season. This aligns with earlier studies demonstrating that heavy rainfall mobilises contaminants from surrounding land, increasing pollutant influx into estuaries (Ekpe et al., 2025; Umueni et al., 2025). Wet-season runoff can transport petroleum residues, metals, and organic pollutants from industrial zones, farmlands, and urban settlements directly into aquatic systems. Conversely, slightly lower dry-season values likely reflect reduced surface runoff and dilution but do not indicate the absence of pollution, given the persistent nature of the contaminants.
The oxidative stress responses observed in this study are biologically significant. Elevated MDA levels in Clarias gariepinus (3.2 nmol/mg protein) suggest that hydrocarbon and metal exposure is inducing measurable cellular damage. This is consistent with findings from contaminated aquatic environments where chronic exposure to PAHs and metals results in increased lipid peroxidation, enzyme inhibition, and biochemical disruption (ATSDR, 1997; IARC, 2015). Hydrocarbon metabolites—such as reactive quinones—are known to induce oxidative stress, and heavy metals like Pb and Cr disrupt antioxidant defence mechanisms, further increasing cellular damage.
The results underscore broader ecological and human health implications. Fish and prawns form a major protein source for surrounding communities, and their contamination poses potential risks of dietary exposure to carcinogens and neurotoxic metals. Studies have reported human health risks associated with the consumption of contaminated aquatic organisms from petroleum-impacted Niger Delta waterways (Okpoji et al., 2025; Ekwere et al., 2025). Given that benzo[a]pyrene—an IARC Group 1 carcinogen—is commonly associated with petroleum residues, the biochemical stress observed in this study may serve as an early warning indicator for both ecological health and food safety concerns.

Conclusion
This study demonstrates that aquatic organisms inhabiting the Qua Iboe Estuary are consistently exposed to mixtures of heavy metals and petroleum hydrocarbons, resulting in measurable biochemical stress. The elevated concentrations of Pb, Hg, As, and TPH across species, particularly in Clarias gariepinus, indicate chronic contamination typical of petroleum-impacted systems in the Niger Delta. The strong activation of antioxidant enzymes (CAT and GST) and increased levels of MDA provide clear evidence of oxidative stress and cellular membrane damage induced by these pollutants.
Seasonal variations further revealed that wet-season runoff significantly increases contaminant inflow, intensifying physiological stress in exposed organisms. These findings emphasise the ecological risks posed by ongoing petroleum-related activities and highlight the urgent need for enhanced environmental regulation, continuous biomarker-based monitoring, and pollution mitigation strategies. Protecting estuarine biodiversity and safeguarding human health require targeted interventions to reduce pollutant sources and ensure sustainable management of aquatic resources in the region.
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Figure 3: Malondialdehyde (MDA) Levels in Species
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Figure 4: Total Petroleum Hydrocarbons (TPH) in Species
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Figure 1: Catalase (CAT) Activity in Species
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Figure 2: Glutathione S-Transferase (GST) Activity in Species
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