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ASSESSMENT OF HEAVY METAL BIOACCUMULATION OF AFRICAN CATFISH (Clarias gariepinus) REARED IN EARTHEN, CONCRETE AND TARPAULIN PONDS IN CALABAR METROPOLIS



.ABSTRACT
This study assessed the bioaccumulation of heavy metals and trace elements in African catfish (Clarias gariepinus) reared in earthen, concrete, and tarpaulin ponds in Calabar Metropolis, Cross River State, Nigeria. Concentrations of Fe, Pb, Cd, Cu, and Zn in pond water and fish tissues were determined, and bioaccumulation factors were calculated. A 3 × 3 factorial design was adopted using three farms and three pond types: earthen, concrete, and tarpaulin. Fifty-four fish were sampled. Muscle, gill, and liver tissues were analyzed using Atomic Absorption Spectrophotometry. Data were presented as mean ± SD and analyzed using one-way ANOVA with Tukey’s HSD at p < 0.05. Results showed tissue-specific accumulation in the order: gills > liver > muscle. For iron, the highest concentration was in New Airport concrete pond gills: 0.1340 ± 0.0001 mg/kg, while the lowest was in Magnus earthen pond muscle: 0.0680 ± 0.0001 mg/kg. Zinc was highest in New Airport concrete pond and lowest in Iyonde earthen pond. Copper was highest in New Airport tarpaulin pond gills: 8.491 ± 0.093 mg/kg and lowest in Magnus earthen pond muscle: 3.810 ± 0.150 mg/kg. Lead in pond water was highest in Iyonde earthen pond: 1.720 ± 0.070 mg/L and lowest in New Airport concrete pond: 0.300 ± 0.018 mg/L. Cadmium in fish tissue ranged from 0.002 mg/kg in Iyonde earthen pond muscle to 0.25 mg/kg in New Airport concrete pond gills. BAF results were in the order Zn > Pb > Cd, with several values greater than one, indicating bioaccumulation. The study concludes that C. gariepinus can accumulate essential and potentially toxic metals, influenced by pond type and tissue. Routine monitoring of aquaculture water and fish tissues is recommended to protect fish health and ensure safety for human consumption.
Keywords: Clarias gariepinus, heavy metals, bioaccumulation factor, aquaculture, pond types, fish tissues, nutritional trace elements, Calabar Metropolis.
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1. INTRODUCTION
Aquaculture has become an important component of food production because it provides fish as a source of high-quality protein, essential fatty acids, vitamins, and minerals while contributing to employment and livelihood development (Afolabi et al., 2020). The increasing demand for fish has encouraged the expansion of cultured fish production in many developing countries, including Nigeria. African catfish (Clarias gariepinus) is one of the most important cultured freshwater fish species in Nigeria because of its rapid growth, ability to tolerate relatively wide environmental conditions, and high consumer acceptance. It is also a major tropical aquaculture species in Africa and one of the principal fish species cultivated by Nigerian fish farmers (Afolabi et al., 2020).
The nutritional importance of fish extends beyond its protein content to include essential minerals and trace elements required for normal physiological functions. Fish provide minerals such as iron, zinc, copper, manganese, and other micronutrients that contribute to processes including oxygen transport, enzyme activity, immune function, and metabolism (Okonkwo et al., 2020). In a study conducted in Nigeria, Aremu et al., (2021) reported that C. gariepinus contained appreciable amounts of essential nutrients and minerals and could contribute to recommended nutrient intakes. Similarly, Okonkwo et al., (2020) found differences in the nutrient composition of aquacultured and wild C. gariepinus obtained in Cross River State, demonstrating that the production environment may influence the nutritional characteristics of the fish. Thus, the assessment of nutritional trace elements in cultured fish is important for establishing the dietary value of fish produced through different aquaculture systems.
Fish are commonly reared in different pond systems, with earthen, concrete, and tarpaulin ponds being among the systems used by fish farmers in Nigeria. These pond types differ in their construction materials and their degree of interaction with soil and the surrounding environment (Okocha et al., 2025). Earthen ponds have direct contact with the soil, while concrete ponds are constructed with cement-based materials and tarpaulin ponds are lined with synthetic materials. Such differences may influence the physicochemical characteristics of the culture environment and consequently affect the availability and accumulation of minerals and metallic elements in fish (Okocha et al., 2025).
Heavy metals are among the environmental contaminants that require particular attention in aquaculture because some can persist in aquatic environments and accumulate in biological tissues. Metals such as iron, zinc, copper, and manganese have important physiological functions at appropriate concentrations, whereas lead, cadmium, and other potentially toxic metals have no beneficial biological role and may produce adverse effects when accumulated in organisms (Okocha et al., 2025). Kumar et al., (2024) emphasized that heavy metals can accumulate in fish tissues and interfere with physiological and biochemical processes, including antioxidant defence and normal cellular functions which may therefore have implications for both fish health and the safety of fish intended for human consumption.
Bioaccumulation occurs when the uptake of a substance by an organism exceeds its rate of elimination, resulting in an increasing concentration within its tissues (Musa, 2025). Fish can acquire metals from their surrounding water, sediments, and food, and the accumulated elements may become distributed among tissues such as muscle, liver, kidney, gills, and other organs. Olayinka-Olagunju et al., (2021) demonstrated differences in heavy metal accumulation among fish species and emphasized the importance of tissue accumulation in evaluating contamination of aquatic environments. Similarly, research involving C. gariepinus in Nigeria has shown that metals may accumulate in fish tissues at varying concentrations depending on the environmental conditions and exposure sources (Musa, 2025).
Moreover, the occurrence of heavy metals in cultured fish is particularly important because fish constitute a major component of the human diet in Nigeria. Metals accumulated in edible fish tissues may be transferred to consumers through regular consumption, making the evaluation of fish contamination relevant to food safety and public health (Kumar et al., 2024). Recent investigations of C. gariepinus from Nigerian aquaculture systems have reported the presence of metals such as zinc, chromium, cadmium, and lead in fish muscle and associated pond water, demonstrating the need for continued monitoring of cultured fish (Okocha et al., 2025). Although the presence of a metal does not necessarily indicate an immediate health risk, its concentration, persistence, and accumulation pattern are important considerations when evaluating the quality and safety of fish (Okocha et al., 2025).
The nutritional and contaminant profiles of cultured fish may vary according to the production environment. Factors such as pond construction material, water source, feed composition, stocking density, management practices, and environmental conditions can influence the availability of trace elements and potentially toxic metals to fish (Okocha et al., 2025). Differences in pond systems may consequently result in variations in the concentration of essential trace elements as well as the accumulation of undesirable metals in fish tissues (Musa, 2025). Therefore, the comparative assessment of fish from different pond systems is useful for determining whether the type of production environment is associated with differences in nutritional mineral composition and metal bioaccumulation.
Furthermore, Calabar Metropolis provides an important setting for such an assessment because aquaculture is practiced using different pond systems within the metropolis. Previous research conducted in Cross River State has demonstrated that cultured C. gariepinus possesses appreciable nutritional value, while differences have been observed between cultured and wild fish in their nutrient composition (Okonkwo et al., 2020). 
2. Material and methods 
2.1 Study Area
This study was conducted in Calabar Metropolis, Cross River State, Nigeria. Calabar Metropolis comprises Calabar Municipality and Calabar South Local Government Areas and lies between latitude 4°57′N and 5°05′N and longitude 8°18′E and 8°24′E. The metropolis experiences a tropical rainforest climate characterized by high annual rainfall ranging from approximately 2,500 to 3,500 mm, relative humidity between 80 and 90%, and an average annual temperature of 26–30°C.
Calabar is endowed with numerous commercial fish farms utilizing different aquaculture production systems, including earthen, concrete, and tarpaulin ponds. These pond systems differ in construction materials, water sources, sediment interactions, and management practices, factors that may influence the accumulation of heavy metals and the nutritional composition of cultured fish. The area was selected because of its increasing aquaculture activities and the availability of African catfish (C. gariepinus) cultured under different pond systems. The selected farm areas are New Airport, Iyonde and Magnus.
2.2 Research Design
The study adopted an experimental, comparative and cross-sectional design to assess the accumulation of selected heavy metals and nutritional trace elements in C. gariepinus reared under different pond production systems in Calabar Metropolis, Cross River State, Nigeria. The study investigated fish obtained from three selected fish farms, namely NEW AIRPORT Farm, University of Cross River State (IYONDE) Farm, and MAGNUS Farm. At each farm, fish were obtained from three pond types: earthen, concrete and tarpaulin ponds. Thus, the experimental design consisted of a 3 × 3 factorial arrangement, with farm and pond type as the principal factors. Fish were sampled from each pond type and dissected into three tissues muscle, gills and liver for the determination of selected metals. The metals investigated included iron (Fe), lead (Pb), cadmium (Cd), copper (Cu) and zinc (Zn). 
2.2.1 	Sampling Design
A multistage sampling procedure was used.
Stage One: Selection of Farms
Three fish farms within Calabar Metropolis were purposively selected based on the presence of the three pond systems under investigation.
The selected farms were:
	Farm
	Pond type

	New Airport
	Concrete

	
	Tarpaulin

	
	Earthen

	IYONDE
	Concrete

	
	Tarpaulin

	
	Earthen

	MAGNUS
	Concrete

	
	Tarpaulin

	
	Earthen



Stage Two: Selection of Pond Types
At each farm, one representative:
1. Earthen pond, 
1. Concrete pond, and 
1. Tarpaulin pond 
This produced nine experimental pond groups:
Stage Three: Fish Selection
Fish were randomly selected from each experimental pond. Fish of relatively comparable size and apparent health status were selected to minimize biological variation.
For each experimental group, fish were collected as independent biological replicates. Where six fish were used per experimental group, the total number of fish examined was: 3 farms × 3 pond type’s × 18 fish = 54 fish.
2.2.3 Experimental Design
The experimental layout was:
	Farm
	Earthen
	Concrete
	Tarpaulin
	Total fish

	New Airport
	6
	6
	6
	18

	IYONDE
	6
	6
	6
	18

	MAGNUS
	6
	6
	6
	18

	Total
	18
	18
	18  
	54


The study employed a 3 × 3 factorial design in a completely randomized sampling arrangement, with:
· Factor A = Farm (3 levels) 
· Factor B = Pond type (3 levels) 
The experimental combinations were therefore: 3 farms × 3 pond types = 9 treatment combinations. Six independent fish were analyzed per treatment combination, giving: 18 treatment combinations × 3 ponds = 54 fish. Each fish was considered an experimental replicate for tissue analysis. 
For each fish, muscle, gill and liver tissues were separately analyzed.
2.3 Reagents and Chemicals
All chemicals used in this study were of analytical reagent (AR) grade.
The reagents included:
Nitric acid (HNO₃, 65%), Perchloric acid (HClO₄, 70%), Hydrochloric acid (HCl), sulphuric acid (H₂SO₄), hydrogen peroxide (H₂O₂), and standard stock solutions (1000 mg/L) of Pb, Cd, Cu, Zn, and Fe. Deionized water was used throughout the analyses.
2.4 Apparatus and Equipment
The following laboratory equipment was used:
Atomic Absorption Spectrophotometer (AAS) Analytical weighing balance Muffle furnace Hot plate digestion system Microwave digestion vessels (where applicable) Volumetric flasks Beakers Pipettes Conical flasks Polyethylene sample bottles Whatman No. 42 filter paper Laboratory blender Drying oven Desiccator Measuring board Stainless steel dissecting instruments 
2.5 Sample Collection
Fish samples were collected from the selected ponds using appropriate fishing nets. Immediately after collection, each fish was placed in a clean, labelled polyethylene sample bag.
The samples were labelled according to:
1. farm; 
1. pond type; 
1. fish identification number; 
1. date of collection; and 
1. tissue to be analyzed. 
Samples were transported to the laboratory in insulated cooler containing ice packs to minimize biochemical degradation and changes in metal distribution. Care was taken to prevent contamination of the samples by metallic objects, dirty containers, dust or other external sources.
2.6 Sample Preparation
In the laboratory, the fish samples were rinsed with de-ionized water to remove adhering particles and external contaminants. Each fish was identified and dissected using acid-washed stainless-steel instruments. The muscle, gills and liver were carefully removed separately.
Approximately equal portions of each tissue were collected from each fish. The tissues were placed in previously cleaned and labelled containers. The samples were oven-dried at approximately 70–80°C until constant weight was obtained. The dried samples were cooled in a desiccator and homogenized using a clean laboratory mortar and pestle or appropriate homogenizing equipment. The homogenized samples were stored in labelled airtight containers until digestion.
2.7 Acid Digestion of Fish Tissue Samples
A wet-digestion procedure was used for the preparation of fish tissues for heavy-metal determination.
Approximately 1.0 g of homogenized dried tissue was accurately weighed into a digestion flask. 10ml of Concentrated nitric acid (HNO₃) was added to the sample and allowed to stand for preliminary digestion. Where required by the analytical protocol, hydrogen peroxide (H₂O₂) was subsequently added to facilitate oxidation of organic matter. The mixture was heated gently on a hot plate until digestion was complete and a clear solution was obtained. After cooling, the digest was filtered and transferred into a volumetric flask. The volume was made up to a known volume with deionized water. A reagent blank was prepared using the same procedure but without fish tissue. The resulting solutions were used for metal determination.
2.8 Determination of Heavy Metals
The concentrations of Fe, Pb, Cd, Cu and Zn were determined using Atomic Absorption Spectrophotometry (AAS) or an equivalent validated instrumental method available in the analytical laboratory.
Appropriate wavelength, lamp current, slit width and calibration conditions were established for each element according to the manufacturer's operating procedure.
Calibration standards were prepared from certified stock solutions covering the expected concentration range of the samples. The concentration of each metal in the digested sample was obtained from the corresponding calibration curve. Results were expressed as mg/L of digest and, where appropriate for biological interpretation, converted to mg/kg dry weight of fish tissue based on the sample mass and final digest volume.
2.8.1 Determination of Lead (Pb)
The concentration of lead (Pb) in the digested fish samples was determined using an Atomic Absorption Spectrophotometer (AAS) following the AOAC (2023) method. The instrument was calibrated with standard lead solutions prepared from a certified 1000 mg/L stock solution. Blank solutions were first aspirated to zero the instrument before the digested samples were analyzed at a wavelength of 217.0 nm. The absorbance obtained was converted to concentration (mg/kg) using the calibration curve generated from the standard solutions.
2.8.2 Determination of Cadmium (Cd)
Cadmium concentration was determined using Atomic Absorption Spectrophotometry according to AOAC (2023). Standard cadmium solutions were prepared for calibration, after which the digested samples were aspirated into the flame. Absorbance was measured at 228.8 nm, and cadmium concentrations were calculated from the calibration curve and expressed as mg/kg dry weight.
2.8.3 Determination of Iron (Fe)
Iron concentration was determined using Atomic Absorption Spectrophotometry after calibration with standard iron solutions. The digested samples were aspirated into the instrument, and absorbance was measured at 248.3 nm. The concentration of iron was calculated from the calibration curve and expressed as mg/kg.
2.8.4 Determination of Zinc (Zn)
Zinc concentration was determined using Atomic Absorption Spectrophotometry according to AOAC (2023). Standard zinc solutions were prepared for calibration before sample analysis. The digested samples were analyzed at 213.9 nm, and zinc concentrations were obtained from the standard calibration curve.
2.8.5 Determination of Copper (Cu)
Copper concentration was determined using an Atomic Absorption Spectrophotometer calibrated with certified copper standards. The digested samples were aspirated into the flame, and absorbance was measured at 324.8 nm. Copper concentration was subsequently calculated and expressed in mg/kg.
General Calculation for All Metals and Trace Elements
The concentration of each metal or trace element was calculated using:
Concentration (mg/kg) = WC×V​ 
Where:
C = Concentration obtained from the instrument (mg/L) 
V = Final volume of the digested sample (L) 
W = Weight of the dry sample digested (kg) 


3. results and discussion

3.1 Concentration of Heavy Metals in Clarias gariepinus from Different Farms and Pond Types
The concentrations of iron (Fe), lead (Pb), cadmium (Cd), copper (Cu), and zinc (Zn) in the muscle, gills, and liver of C. gariepinus obtained from New Airport, IYONDE, and MAGNUS farms and reared in concrete, tarpaulin, and earthen ponds are presented in Tables. Results are expressed as mean ± standard deviation (SD), based on three replicate determinations (n = 3).
3.1.1 Iron (Fe)
The results showed substantial differences in Fe concentrations among the farm–pond combinations across the three tissues. In the muscle, New Airport–Concrete recorded a relatively high concentration (0.0955 mg/L), while MAGNUS–Earthen recorded the lowest concentration (0.0680 mg/L). The different homogeneous groups indicate that most of the farm–pond combinations differed significantly from one another.
In the gills, New Airport–Concrete had the highest Fe concentration (0.1340 mg/L), whereas MAGNUS–Earthen had the lowest (0.0711 mg/L). The clear separation between these groups indicates significant differences in Fe accumulation. The liver also showed considerable variation, with New Airport–Concrete having a high concentration of 0.1190 mg/L and MAGNUS–Concrete recording 0.0792 mg/L.
Table 1: Mean Concentration of Iron (Fe) [mg/L] in Tissues of Clarias gariepinus
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	0. ± 0. 0955 0002a
	0.1340 ± 0.0001a
	0.1190 ± 0.0001b

	
	Tarpaulin
	0.0933 ± 0.0001b
	0.1061 ± 0.0002b
	0.0941 ± 0.0002a

	
	Earthen
	0.0743 ± 0.0001c
	0.0776 ± 0.0001c
	0.1035 ± 0.0000c

	IYONDE
	Concrete
	0.0919 ± 0.0001d
	0.1210 ± 0.0002d
	0.1075 ± 0.0001d

	
	Tarpaulin
	0.1008 ± 0.0002e
	0.1239 ± 0.0001e
	0.0942 ± 0.0001a

	
	Earthen
	0.0693 ± 0.0001f
	0.0734 ± 0.0001f
	0.1008 ± 0.0001e

	MAGNUS
	Concrete
	0.0853 ± 0.0001g
	0.1123 ± 0.0001g
	0.0792 ± 0.0001f

	
	Tarpaulin
	0.1040 ± 0.0003h
	0.1195 ± 0.0002h
	0.0977 ± 0.0001g

	
	Earthen
	0.0680 ± 0.0001i
	0.0711 ± 0.0001i
	0.0998 ± 0.0001h

	______________________________________________________________________________________


Values are presented as mean ± SD. Different letters indicate significant differences (p < 0.05).
3.1.2 Lead (Pb)
The results revealed significant differences in Pb concentration among several farm–pond combinations. In the muscle, IYONDE–Tarpaulin had the highest concentration (0.0315 mg/L), while MAGNUS–Earthen had the lowest (0.0203 mg/L). However, some groups shared homogeneous subsets, indicating that their mean concentrations were not significantly different.
The gills showed a particularly clear pattern. New Airport–Concrete recorded the highest Pb concentration (0.0422 mg/L), followed by IYONDE–Concrete (0.0384 mg/L) and IYONDE–Tarpaulin (0.0377 mg/L). MAGNUS–Earthen recorded the lowest concentration (0.0207 mg/L). The different post-hoc groupings demonstrate significant differences between the higher and lower concentration groups. For the liver, New Airport–Concrete had the highest Pb concentration (0.0349 mg/L), whereas MAGNUS–Concrete recorded 0.0247 mg/L.


Table 2: Mean Concentration of Lead (Pb) [mg/L] in Tissues of Clarias gariepinus
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	0.0198 ± 0.0034c
	0.0422 ± 0.0001a
	0.0349 ± 0.0001b

	
	Tarpaulin
	0.0279 ± 0.0001ab
	0.0331 ± 0.0001b
	0.0317 ± 0.0001a

	
	Earthen
	0.0235 ± 0.0000cd
	0.0234 ± 0.0001c
	0.0323 ± 0.0000c

	IYONDE
	Concrete
	0.0298 ± 0.0001ab
	0.0384 ± 0.0001d
	0.0327 ± 0.0000d

	
	Tarpaulin
	0.0315 ± 0.0001a
	0.0377 ± 0.0001e
	0.0287 ± 0.0001e

	
	Earthen
	0.0221 ± 0.0000c
	0.0219 ± 0.0001f
	0.0305 ± 0.0000f

	MAGNUS
	Concrete
	0.0272 ± 0.0000bd
	0.0338 ± 0.0001g
	0.0247 ± 0.0000g

	
	Tarpaulin
	0.0310 ± 0.0000ab
	0.0354 ± 0.0000h
	0.0318 ± 0.0001a

	
	Earthen
	0.0203 ± 0.0000c
	0.0207 ± 0.0001i
	0.0292 ± 0.0000h


Values are presented as mean ± SD Different letters indicate significant differences (p < 0.05).
3.1.3 Cadmium (Cd)
The results demonstrated significant differences in Cd concentration among the farm–pond combinations. In the muscle, IYONDE–Tarpaulin recorded the highest concentration (0.0058 mg/L), whereas MAGNUS–Earthen recorded the lowest (0.0037 mg/L). The differences between these groups demonstrate substantial variation in Cd accumulation.
Table 3: Mean Concentration of Cadmium (Cd) [mg/L] in Tissues of Clarias gariepinus
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	0.0055 ± 0.00002b
	0.0078 ± 0.00002b
	0.0066 ± 0.00004b

	
	Tarpaulin
	0.0053 ± 0.00002c
	0.0063 ± 0.00001a
	0.0060 ± 0.00002a

	
	Earthen
	0.0045 ± 0.00002d
	0.0043 ± 0.00002cd
	0.0058 ± 0.00002c

	IYONDE
	Concrete
	0.0056 ± 0.00001a
	0.0073 ± 0.00002e
	0.0060 ± 0.00001a

	
	Tarpaulin
	0.0058 ± 0.00001e
	0.0072 ± 0.00002f
	0.0055 ± 0.00003d

	
	Earthen
	0.0040 ± 0.00002f
	0.0039 ± 0.00002f
	0.0051 ± 0.00002e

	MAGNUS
	Concrete
	0.0049 ± 0.00002g
	0.0060 ± 0.00002g
	0.0044 ± 0.00002f

	
	Tarpaulin
	0.0056 ± 0.00004a
	0.0063 ± 0.00002a
	0.0060 ± 0.00002a

	
	Earthen
	0.0037 ± 0.00002h
	0.0034 ± 0.00002h
	0.0045 ± 0.00002g


Values are presented as mean ± SD Different letters indicate significant differences (p < 0.05).
For the gills, New Airport–Concrete recorded the highest Cd concentration (0.0078 mg/L), followed by IYONDE–Concrete (0.0073 mg/L) and IYONDE–Tarpaulin (0.0072 mg/L). MAGNUS–Earthen had the lowest value (0.0034 mg/L). This strong separation indicates significant differences in Cd accumulation between several production groups. In the liver, New Airport–Concrete recorded 0.0066 mg/L, whereas MAGNUS–Concrete had the lowest concentration of 0.0044 mg/L. 
3.1.4 Copper (Cu)
The results revealed significant differences in Cu concentrations among the farm–pond combinations. In the muscle, MAGNUS–Tarpaulin recorded the highest concentration (0.0164 mg/L), closely followed by IYONDE–Tarpaulin (0.0163 mg/L), while MAGNUS–Earthen had the lowest concentration (0.0111 mg/L). In the gills, New Airport–Concrete recorded the highest Cu concentration (0.0221 mg/L), while MAGNUS–Earthen had the lowest (0.0102 mg/L). The clear difference between these groups indicates significant variation in Cu accumulation. For the liver, New Airport–Concrete had the highest concentration (0.0185 mg/L), whereas MAGNUS–Concrete recorded the lowest (0.0131 mg/L).
Table 4: Mean Concentration of Copper (Cu) [mg/L] in Tissues of Clarias gariepinus
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	0.0154 ± 0.0001b
	0.0221 ± 0.0001a
	0.0185 ± 0.0000c

	
	Tarpaulin
	0.0147 ± 0.0000c
	0.0172 ± 0.0001b
	0.0164 ± 0.0001a

	
	Earthen
	0.0121 ± 0.0000d
	0.0119 ± 0.0001c
	0.0164 ± 0.0001a

	IYONDE
	Concrete
	0.0157 ± 0.0000e
	0.0201 ± 0.0001d
	0.0170 ± 0.0001d

	
	Tarpaulin
	0.0163 ± 0.0001a
	0.0196 ± 0.0001e
	0.0153 ± 0.0000b

	
	Earthen
	0.0118 ± 0.0000f
	0.0114 ± 0.0001f
	0.0152 ± 0.0001b

	MAGNUS
	Concrete
	0.0141 ± 0.0000g
	0.0176 ± 0.0001g
	0.0131 ± 0.0001e

	
	Tarpaulin
	0.0164 ± 0.0001a
	0.0185 ± 0.0001h
	0.0164 ± 0.0001a

	
	Earthen
	0.0111 ± 0.0000h
	0.0102 ± 0.0001i
	0.0148 ± 0.0001f


Values are presented as mean ± SD Different letters indicate significant differences (p < 0.05).
3.1.5 Zinc (Zn)
Zinc demonstrated a comparatively high level of accumulation across all the tissues examined. The Tukey HSD results showed significant differences among several farm–pond combinations. In the muscle, IYONDE–Tarpaulin had the highest Zn concentration (6.349 mg/L), followed by MAGNUS–Tarpaulin (6.271 mg/L), whereas MAGNUS–Earthen had the lowest concentration (3.810 mg/L). The gills recorded the highest Zn concentration among all the observations, with New Airport–Concrete recording 8.491 mg/L. This was followed by IYONDE–Concrete (7.748 mg/L), IYONDE–Tarpaulin (7.649 mg/L), and MAGNUS–Tarpaulin (7.145 mg/L). MAGNUS–Earthen had the lowest concentration (3.801 mg/L). The marked difference between the highest and lowest groups indicates substantial variation in Zn accumulation. In the liver, New Airport–Concrete recorded the highest concentration (7.063 mg/L), while MAGNUS–Concrete recorded the lowest (5.008 mg/L). 

Table 5: Mean Concentration of Zinc (Zn) [mg/L] in Tissues of Clarias gariepinus
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	6.029 ± 0.055ab
	8.491 ± 0.093e
	7.063 ± 0.057e

	
	Tarpaulin
	5.617 ± 0.217bc
	6.652 ± 0.134a
	6.422 ± 0.099a

	
	Earthen
	4.740 ± 0.164e
	4.714 ± 0.034f
	6.506 ± 0.042ab

	IYONDE
	Concrete
	6.034 ± 0.019a
	7.748 ± 0.026b
	6.588 ± 0.027b

	
	Tarpaulin
	6.349 ± 0.020a
	7.649 ± 0.413bc
	5.795 ± 0.020cd

	
	Earthen
	3.940 ± 0.160d
	3.930 ± 0.030d
	5.910 ± 0.037c

	MAGNUS
	Concrete
	5.475 ± 0.020c
	6.818 ± 0.024a
	5.008 ± 0.024f

	
	Tarpaulin
	6.271 ± 0.016a
	7.145 ± 0.022ac
	6.432 ± 0.013ab

	
	Earthen
	3.810 ± 0.150d
	3.801 ± 0.024d
	5.703 ± 0.031d


Values are presented as mean ± SD Different letters indicate significant differences (p < 0.05).
3.1.2.1 Iron (Fe)
Iron concentration varied considerably among the farms and pond types. The highest Fe concentration was recorded in the IYONDE earthen pond (0.685 ± 0.026 mg/L), followed by the IYONDE tarpaulin pond (0.512 ± 0.021 mg/L) and IYONDE concrete pond (0.409 ± 0.018 mg/L). The lowest concentration was observed in the new airport concrete pond (0.080 ± 0.006 mg/L).
3.1.2.2 Lead (Pb)
Lead concentrations also differed significantly among the farm–pond combinations. The highest Pb concentration occurred in the IYONDE earthen pond (0.035 ± 0.003 mg/L), followed by IYONDE tarpaulin (0.028 ± 0.002 mg/L) and IYONDE concrete (0.022 ± 0.002 mg/L). The lowest value was recorded in the NEW AIRPORT concrete pond (0.003 ± 0.001 mg/L). The results indicate that Pb contamination was more pronounced at IYONDE than at MAGNUS and NEW AIRPORT. In particular, the three IYONDE ponds formed higher statistical groups than most of the others, demonstrating significantly greater Pb concentrations.
3.1.2.3 Cadmium (Cd)
Cadmium showed a similar pattern. The concentration increased from 0.0045 ± 0.0004 mg/L in IYONDE concrete to 0.0058 ± 0.0005 mg/L in IYONDE tarpaulin and reached the highest value of 0.0072 ± 0.0006 mg/L in IYONDE earthen ponds. The lowest Cd concentration was recorded in NEW AIRPORT concrete (0.0010 ± 0.0001 mg/L). The distinct superscript groupings indicate that the IYONDE ponds generally differed significantly from the lower-concentration MAGNUS and NEW AIRPORT. This suggests that Cd availability in the pond water was strongly associated with the farm location and pond system.
3.1.2.4 Copper (Cu)
Copper concentrations followed the same general trend. The highest concentration was observed in IYONDE earthen ponds (0.610 ± 0.024 mg/L), followed by IYONDE tarpaulin (0.520 ± 0.021 mg/L) and IYONDE concrete (0.450 ± 0.018 mg/L). The lowest concentrations were recorded at NEW AIRPORT, ranging from 0.090 ± 0.008 to 0.130 ± 0.010 mg/L. The three NEW AIRPORT ponds shared the same statistical group, indicating that their Cu concentrations were not significantly different from one another. In contrast, the IYONDE ponds were statistically distinct from most of the lower-concentration groups.
3.1.2.5 Zinc (Zn)
Zinc showed one of the clearest differences among the ponds. The highest concentration was found in IYONDE earthen ponds (1.720 ± 0.070 mg/L), followed by IYONDE tarpaulin (1.480 ± 0.061 mg/L) and IYONDE concrete (1.250 ± 0.052 mg/L). The lowest concentration occurred in NEW AIRPORT concrete ponds (0.300 ± 0.018 mg/L). The significant differences among the superscript groups indicate that Zn concentrations were strongly influenced by the farm and pond type. MAGNUS earthen ponds also recorded a comparatively high Zn concentration (0.750 ± 0.035 mg/L), although it remained considerably lower than the IYONDE values.
Table 6 Mean concentration of Iron (Fe) in pond Water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	0.409 ± 0.018c

	Iyonde
	Tarpaulin
	0.512 ± 0.021d

	Iyonde
	Earthen
	0.685 ± 0.026e

	Magnus
	Concrete
	0.120 ± 0.009ab

	Magnus
	Tarpaulin
	0.145 ± 0.011b

	Magnus
	Earthen
	0.210 ± 0.014f

	New airport
	Concrete
	0.080 ± 0.006a

	New airport
	Tarpaulin
	0.095 ± 0.007a

	New airport
	Earthen
	0.110 ± 0.008ab


Values are expressed as mean ± standard deviation; different superscript letters indicate significant differences (p < 0.05).
Table 7: Mean concentration of Lead (Pb) in pond Water
	Farm
	Pond Type
	Mean ± SD (mg/L)
	

	Iyonde
	Concrete
	0.022 ± 0.002e
	

	Iyonde
	Tarpaulin
	0.028 ± 0.002f
	

	Iyonde
	Earthen
	0.035 ± 0.003g
	

	Magnus
	Concrete
	0.008 ± 0.001abd
	

	Magnus
	Tarpaulin
	0.009 ± 0.001ad
	

	Magnus
	Earthen
	0.012 ± 0.001a
	

	New airport
	Concrete
	0.003 ± 0.001c
	

	New airport
	Tarpaulin
	0.004 ± 0.001bc
	

	New airport
	Earthen
	0.005 ± 0.001bcd
	


Values are expressed as mean ± standard deviation different superscript letters indicate significant differences (p < 0.05).
Table 8: Mean concentration of Cadmium (Cd) in pond Water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	0.0045 ± 0.0004d

	Iyonde
	Tarpaulin
	0.0058 ± 0.0005e

	Iyonde
	Earthen
	0.0072 ± 0.0006f

	Magnus
	Concrete
	0.0021 ± 0.0002ab

	Magnus
	Tarpaulin
	0.0025 ± 0.0002a

	Magnus
	Earthen
	0.0030 ± 0.0003a

	New airport
	Concrete
	0.0010 ± 0.0001c

	New airport
	Tarpaulin
	0.0012 ± 0.0001bc

	New airport
	Earthen
	0.0015 ± 0.0001bc


Values are expressed as mean standard deviation different superscript letters indicate significant differences (p < 0.05).
Table 9: Mean concentration of Copper (Cu) in pond Water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	0.450 ± 0.018c

	Iyonde
	Tarpaulin
	0.520 ± 0.021d

	Iyonde
	Earthen
	0.610 ± 0.024e

	Magnus
	Concrete
	0.180 ± 0.012b

	Magnus
	Tarpaulin
	0.200 ± 0.013b

	Magnus
	Earthen
	0.250 ± 0.015f

	New airport
	Concrete
	0.090 ± 0.008a

	New airport
	Tarpaulin
	0.110 ± 0.009a

	New airport
	Earthen
	0.130 ± 0.010a


Values are expressed as mean ± standard deviation different superscript letters indicate significant differences (p < 0.05).
Table 10: Mean concentration of Zinc (Zn) in pond Water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	1.250 ± 0.052d

	Iyonde
	Tarpaulin
	1.480 ± 0.061e

	Iyonde
	Earthen
	1.720 ± 0.070f

	Magnus
	Concrete
	0.550 ± 0.028a

	Magnus
	Tarpaulin
	0.620 ± 0.031a

	Magnus
	Earthen
	0.750 ± 0.035g

	New airport
	Concrete
	0.300 ± 0.018b

	New airport
	Tarpaulin
	0.350 ± 0.020bc

	New airport
	Earthen
	020 ± 0.022c


Values are expressed as mean standard deviation different superscript letters indicate significant differences (p < 0.05).
3.1.3 	Bioaccumulation Factor (BAF) for all metals investigated in Clarias gariepinus
The calculated BAFs indicate substantial differences in the ability of Clarias gariepinus to accumulate the investigated metals from the pond water. Zn showed the strongest bioaccumulation, with BAF values ranging approximately from 2.28 to 28.30. The highest Zn BAF was recorded in the gills of fish from the New Airport concrete pond. Pb and Cd also showed considerable bioaccumulation, particularly in fish from New Airport and Magnus ponds. For Pb, the highest BAF occurred in the New Airport concrete gills, while the highest Cd BAF was observed in the New Airport concrete gills. Fe showed a more variable pattern. Some New Airport tissues had BAF values greater than 1, whereas most IYONDE and MAGNUS values were below 1. This suggests that Fe accumulation relative to the measured water concentrations was less consistent than that of Pb, Cd and Zn. Copper was the only metal for which all calculated BAFs were below 1. Based strictly on the concentrations, this suggests relatively limited accumulation of Cu in the fish tissues compared with the corresponding water concentrations.
Table 11: Bioaccumulation Factor (BAF) for Iron (Fe) in Clarias gariepinus
	Farm
	Pond Type
	Muscle 
	Gills 
	Liver 

	New airport
	Concrete
	1.19
	1.68
	1.49

	New airport
	Tarpaulin
	0.98
	1.12
	0.99

	New airport
	Earthen
	0.68
	0.71
	0.94

	Iyonde
	Concrete
	0.22
	0.30
	0.26

	Iyonde
	Tarpaulin
	0.20
	0.24
	0.18

	Iyonde
	Earthen
	0.10
	0.11
	0.15

	Magnus
	Concrete
	0.71
	0.94
	0.66

	Magnus
	Tarpaulin
	0.72
	0.82
	0.67

	Magnus
	Earthen
	0.32
	0.34
	0.48


BAF > 1 indicates bioaccumulation relative to the water concentration.
Table 12: Bioaccumulation Factor (BAF) for Lead (Pb) in Clarias gariepinus
	Farm
	Pond Type
	Muscle 
	Gills 
	Liver 

	New Airport
	Concrete
	6.60
	14.07
	11.63

	New Airport
	Tarpaulin
	6.98
	8.28
	7.93

	New Airport
	Earthen
	4.70
	4.68
	6.46

	IYONDE
	Concrete
	1.35
	1.75
	1.49

	IYONDE
	Tarpaulin
	1.13
	1.35
	1.03

	IYONDE
	Earthen
	0.63
	0.63
	0.87

	MAGNUS
	Concrete
	3.40
	4.23
	3.09

	MAGNUS
	Tarpaulin
	3.44
	3.93
	3.53

	MAGNUS
	Earthen
	1.69
	1.73
	2.43


Pb showed BAF > 1 in most treatments, particularly at New Airport and Magnus. The highest Pb BAF was observed in the New Airport concrete gills


Table 13: Bioaccumulation Factor (BAF) for Cadmium (Cd) in Clarias gariepinus
	Farm
	Pond Type
	Muscle 
	Gills 
	Liver 

	New airport
	Concrete
	5.50
	7.80
	6.60

	New airport
	Tarpaulin
	4.42
	5.25
	5.00

	New airport
	Earthen
	3.00
	2.87
	3.87

	Iyonde
	Concrete
	1.24
	1.62
	1.33

	Iyonde
	Tarpaulin
	1.00
	1.24
	0.95

	Iyonde
	Earthen
	0.56
	0.54
	0.71

	Magnus
	Concrete
	2.33
	2.86
	2.10

	Magnus
	Tarpaulin
	2.24
	2.52
	2.40

	Magnus
	Earthen
	1.23
	1.13
	1.50


Cd therefore showed substantial bioaccumulation, particularly at New Airport, where all tissue BAF values were greater than 1.
Table 14: Bioaccumulation Factor (BAF) for Copper (Cu) in Clarias gariepinus
	Farm
	Pond Type
	Muscle
	Gills
	Liver 

	New airport
	Concrete
	0.17
	0.25
	0.21

	New airport
	Tarpaulin
	0.13
	0.16
	0.15

	New airport
	Earthen
	0.09
	0.09
	0.13

	Iyonde
	Concrete
	0.03
	0.04
	0.04

	Iyonde
	Tarpaulin
	0.03
	0.04
	0.03

	Iyonde
	Earthen
	0.02
	0.02
	0.02

	Magnus
	Concrete
	0.08
	0.10
	0.07

	Magnus
	Tarpaulin
	0.08
	0.09
	0.08

	Magnus
	Earthen
	0.04
	0.04
	0.06


Cu showed BAF < 1 in all farm and pond combinations, indicating that tissue concentrations were lower than the corresponding water concentrations on the basis of the supplied data.
Table 15: Bioaccumulation Factor (BAF) for Zinc (Zn) in Clarias gariepinus
	Farm
	Pond Type
	Muscle 
	Gills 
	Liver 

	New airport
	Concrete
	20.10
	28.30
	23.54

	New airport
	Tarpaulin
	16.05
	19.01
	18.35

	New airport
	Earthen
	11.29
	11.22
	15.49

	Iyonde
	Concrete
	4.83
	6.20
	5.27

	Iyonde
	Tarpaulin
	4.29
	5.17
	3.92

	Iyonde
	Earthen
	2.29
	2.28
	3.44

	Magnus
	Concrete
	9.95
	12.40
	9.11

	Magnus
	Tarpaulin
	10.11
	11.52
	10.37

	Magnus
	Earthen
	5.08
	5.07
	7.60


Zn demonstrated the highest BAF values of all the metals, with every farm and pond type recording BAF > 1.  
DISCUSSION 
The analysis showed that concentrations of iron (Fe), lead (Pb), cadmium (Cd), copper (Cu), and zinc (Zn) varied significantly among the different farm–pond combinations and fish tissues. The significant differences observed following ANOVA indicate that heavy-metal accumulation in Clarias gariepinus was not uniform across the production systems. Rather, the magnitude of accumulation depended on the metal investigated, the type of pond, the farm location, and the tissue examined. Such variation is expected because heavy-metal uptake and distribution in fish are influenced by metal bioavailability, water chemistry, exposure duration, feeding habits, and the physiological characteristics of individual organs (Garai et al., 2021; Shahjahan et al., 2022).
Iron (Fe)
The results revealed significant differences in Fe concentration among several farm–pond combinations in the muscle, gills, and liver. The highest Fe concentration in the muscle was recorded in fish from the New Airport concrete pond (0.0955 mg/L), while the lowest value occurred in the MAGNUS earthen pond (0.0680 mg/L). Similarly, the gills of fish from the New Airport concrete pond recorded the highest Fe concentration (0.1340 mg/L), compared with 0.0711 mg/L in the MAGNUS earthen pond. In the liver, the New Airport concrete pond also recorded a relatively high concentration of 0.1190 mg/L. The significantly higher Fe concentration observed in some concrete and tarpaulin systems compared with earthen ponds may reflect differences in water quality, feed inputs, suspended materials, pond management practices, and the availability of metals within the culture environment. Fish are capable of accumulating metals directly from water through the gills and indirectly through food and sediments. The gills are particularly important because they possess a large surface area and are continuously exposed to the surrounding water.
The present observation agrees with the findings of Olawusi-Peters et al., (2014), who reported bioaccumulation of Fe and other trace elements in the tissues of C. gariepinus and Oreochromis niloticus from River Ogbese, Nigeria. Similarly, Adegbola et al., (2021) reported accumulation of heavy metals, including Fe, in C. gariepinus from polluted Nigerian rivers. The present finding therefore reinforces the usefulness of C. gariepinus as a bioindicator of metal contamination because differences in environmental metal availability can be reflected in its tissues. The relatively high Fe concentration in the gills and liver compared with muscle is also physiologically plausible. The liver is a major organ involved in metal metabolism and detoxification, whereas the gills provide a major interface between the fish and its aquatic environment. A study of C. gariepinus from Abuja reported significantly greater accumulation of Fe, Zn and Cu in liver than muscle, attributing the lower muscle concentrations partly to the fact that muscle is not directly exposed to the surrounding water and is not a major detoxification organ (Bawuro et al., 2018; Adegbola et al., 2021).
Lead (Pb)
The result revealed significant differences in Pb concentration among several farm–pond combinations. The highest Pb concentration in the gills was recorded in fish from the New Airport concrete pond (0.0422 mg/L), while the lowest concentration occurred in the MAGNUS earthen pond (0.0207 mg/L). The liver also showed relatively high Pb concentration in the New Airport concrete pond (0.0349 mg/L), whereas the muscle generally recorded lower concentrations. The greater Pb accumulation in the gills is consistent with the role of the gills as a major site of contact between fish and dissolved contaminants in water. Lead can enter fish through the gills and gastrointestinal tract and can subsequently be distributed to internal tissues. The significantly different Pb concentrations among the pond systems may therefore indicate differences in the bioavailable Pb present in the various production environments.
The present finding agrees with the recent Nigerian study of Onadje et al., (2025), which investigated Cd, Cu and Pb accumulation in edible tissues of C. gariepinus and O. niloticus from Anwai River. That study found substantial accumulation of Pb in the tissues examined and reported significant variation in heavy-metal concentrations among fish tissues and species. Similarly, Adegbola et al., (2021) documented heavy-metal accumulation and associated health risks in C. gariepinus obtained from industrially impacted Nigerian rivers. The relatively higher Pb concentration in gills compared with muscle in the present study is also consistent with observations reported by Bawa (2024), who found that Pb concentrations were significantly higher in the gills than the muscles of C. gariepinus and O. niloticus. This supports the interpretation that the gills may be an important route for waterborne Pb uptake.
Cadmium (Cd)
The results demonstrated significant differences in Cd concentration among the farm–pond combinations. The highest Cd concentration in the gills was observed in fish from the New Airport concrete pond (0.0078 mg/L), followed by IYONDE concrete (0.0073 mg/L) and IYONDE tarpaulin (0.0072 mg/L), whereas the lowest concentration was recorded in MAGNUS earthen ponds (0.0034 mg/L). A similar pattern was observed in the muscle and liver, where fish from some concrete and tarpaulin ponds generally showed higher Cd concentrations than those from earthen ponds. The higher Cd concentrations observed in concrete and tarpaulin ponds may indicate greater availability of Cd in those culture environments. Cadmium has no established beneficial biological role in fish and can accumulate in tissues following prolonged exposure. Its uptake is influenced by water chemistry and competition with essential elements such as calcium and zinc. Once absorbed, Cd can bind to proteins such as metallothioneins and accumulate in metabolically active organs.
 More recent literature also emphasizes that Cd distribution among fish organs is controlled by exposure route, duration, metal concentration and tissue-specific detoxification mechanisms (Lee et al., 2024). The observation that Cd was relatively higher in gills than muscle in several groups is therefore biologically reasonable. However, differences among studies are possible because metal accumulation patterns can vary with species, exposure conditions, water chemistry, fish size and environmental contamination levels. Thus, the present findings should be interpreted as evidence of differential Cd exposure and accumulation rather than as a fixed accumulation sequence for the species.
Copper (Cu)
The result indicated significant differences in Cu concentration among several farm–pond combinations. The highest Cu concentration in the gills occurred in the New Airport concrete pond (0.0221 mg/L), while the lowest occurred in the MAGNUS earthen pond (0.0102 mg/L). The liver also showed a relatively high Cu concentration in the New Airport concrete pond (0.0185 mg/L), whereas the muscle generally showed lower values. Copper is an essential trace element required for several physiological processes, including enzyme activity, respiration and antioxidant defense. However, excessive Cu exposure can result in toxicity and physiological disturbances. The significant differences observed among the pond systems may therefore reflect differences in Cu availability arising from feed, water sources, pond infrastructure and environmental inputs.
The present findings agree with experimental work by Tunçsoy et al., (2016), who demonstrated that Cu accumulated in several tissues of C. gariepinus, including gills, liver and muscle, following exposure to Cu. Their findings demonstrate that Cu is readily taken up and distributed among fish tissues depending on exposure conditions. The relatively high Cu concentration in gills and liver observed in the present study may be explained by the physiological functions of these tissues. The gills constitute an important site of uptake from water, while the liver plays a central role in metabolism, sequestration and detoxification. Similar tissue-dependent accumulation of Cu and other metals has been reported in Nigerian C. gariepinus populations (Bawuro et al., 2018; Adegbola et al., 2021).
Zinc (Zn)
Among the metals investigated, Zn showed comparatively high concentrations across all three tissues. The result revealed significant differences among several farm–pond combinations. The highest Zn concentration was recorded in the gills of fish from the New Airport concrete pond (8.491 mg/L), whereas the lowest was recorded in the MAGNUS earthen pond (3.801 mg/L). The liver also accumulated relatively high concentrations, with 7.063 mg/L recorded in the New Airport concrete pond. The relatively high Zn concentrations are biologically significant because Zn is an essential trace element required for growth, enzyme activity, protein synthesis and other physiological functions. Nevertheless, excessive Zn accumulation can become toxic to aquatic organisms. The high concentrations observed in the present study may therefore reflect both the natural physiological requirement for Zn and increased environmental availability.
The present results are consistent with the findings of Kelle et al., who reported that Zn was one of the predominant metals accumulated in the tissues of C. gariepinus obtained from Nigerian markets. Their study found that gills had the highest overall heavy-metal burden, followed closely by liver, whereas muscle had the lowest accumulation. This pattern corresponds closely with the present study, where the gills generally recorded greater Zn concentrations than muscle. Similarly, Bawuro et al., (2018) reported considerable accumulation of heavy metals in fish tissues from Lake Geriyo, Nigeria, and emphasized that metal accumulation varies among tissues because of differences in physiological function and exposure pathways. Recent research also identifies fish tissues as useful indicators of aquatic metal contamination because metals can accumulate through both water and dietary pathways (Mahamood et al., 2023).
4.1 Metal Concentrations in Pond Water
The present results showed clear differences in the concentrations of Fe, Pb, Cd, Cu, and Zn among the three farms and pond types. In general, IYONDE recorded the highest concentrations, while NEW AIRPORT recorded the lowest. Within the farms, concentrations generally followed the order earthen > tarpaulin > concrete ponds. The relatively higher concentrations observed in earthen ponds may be associated with greater interaction between pond water, soil, and underlying sediments, which can facilitate the release and accumulation of metals. This agrees with Jim-Halliday et al., (2024), who reported higher heavy-metal contamination in earthen ponds than in concrete ponds in Port Harcourt, Nigeria, and attributed the difference partly to soil composition and greater soil–water interaction. 
The particularly high concentrations of Fe, Pb and Cd at IYONDE are of environmental concern because they exceeded the stated guideline limits in some pond types. Similar observations have been reported in Nigerian aquatic environments. For example, Yahaya et al., (2021) found non-permissible concentrations of Pb and Cd in some water sources in Lagos, whereas Cu and Zn were generally within acceptable levels. Likewise, studies of Nigerian aquatic systems have demonstrated that differences in metal concentrations can be associated with location, anthropogenic activities, waste inputs and other environmental factors. 
The concentration of Cu and Zn remained below the stated WHO limits in all the pond-water samples. This suggests a relatively lower degree of contamination by these two metals compared with Fe, Pb and Cd. The pattern is partly consistent with Olowu et al., (2019), who observed differences in trace-metal concentrations among lagoon, earthen and concrete aquaculture environments in Lagos and reported variations associated with anthropogenic activities and the characteristics of the sampling locations.  The significant differences indicated that both farm location and pond construction type influenced the distribution of the investigated metals. The predominance of higher concentrations in earthen ponds is particularly important because metals present in water can become associated with sediments and subsequently become available for uptake by cultured fish. Jim-Halliday et al., (2024) similarly reported greater metal contamination and greater evidence of bioaccumulation in fish associated with earthen ponds compared with concrete ponds. 
4.2 Bioaccumulation Factors (BAF) of Heavy Metals in Clarias gariepinus
The bioaccumulation factor (BAF) provides an indication of the ability of fish tissues to concentrate metals from their surrounding aquatic environment. In the present study, the BAF values varied considerably among metals, farms, pond types, and fish tissues, indicating differences in metal bioavailability, uptake mechanisms, and tissue-specific accumulation patterns.
Iron (Fe)
The BAF values for iron ranged from 0.10 to 1.68. Bioaccumulation (BAF > 1) was observed primarily in fish from the New Airport farm, particularly in concrete ponds where the gills recorded the highest Fe BAF (1.68). In contrast, all tissues from IYONDE and Magnus farms exhibited BAF values below unity, indicating limited accumulation relative to water concentrations. The elevated Fe accumulation in the gills may be attributed to their direct and continuous contact with water, making them the primary site for metal adsorption and uptake. Similar findings were reported by Authman et al., (2015), who observed higher iron accumulation in gill tissues of freshwater fish exposed to metal-contaminated waters. Iron is an essential trace element required for physiological processes such as oxygen transport and enzymatic activity; however, excessive accumulation may induce oxidative stress and tissue damage (Baki et al., 2018). The relatively low Fe bioaccumulation observed in most pond systems suggests effective physiological regulation of iron uptake by Clarias gariepinus.
Lead (Pb)
Lead exhibited substantial bioaccumulation across most farms and pond types, with BAF values ranging from 0.63 to 14.07. The highest value was recorded in the gills of fish cultured in New Airport concrete ponds (BAF = 14.07), indicating significant enrichment of Pb in fish tissues relative to the surrounding water. Fish from Magnus farms also demonstrated considerable Pb accumulation, whereas lower values were observed in IYONDE earthen ponds.
Lead is a non-essential and highly toxic metal that lacks biological functions in fish. Consequently, once absorbed, it tends to accumulate in tissues due to limited physiological mechanisms for excretion. The high BAF values observed in the present study agree with findings by Younis et al., (2021), who reported significant Pb accumulation in catfish tissues from polluted aquatic environments. Similarly, El-Moselhy et al., (2014) found that lead accumulated preferentially in gills and liver because of their direct involvement in respiration and detoxification processes. Elevated Pb accumulation poses potential health risks to consumers because chronic exposure has been associated with neurological, renal, and developmental disorders (WHO, 2022).
Cadmium (Cd)
Cadmium also demonstrated notable bioaccumulation, particularly at the New Airport farm, where all tissue BAF values exceeded 1 and reached a maximum of 7.80 in the gills. Fish from Magnus ponds showed moderate Cd accumulation, whereas the lowest values occurred in IYONDE earthen ponds. Cadmium is a highly toxic metal with no known biological role in aquatic organisms. Its accumulation in fish tissues is often associated with industrial runoff, agricultural inputs, and anthropogenic activities. The high Cd BAF values observed in this study corroborate the findings of Ali et al., (2019), who reported significant cadmium accumulation in African catfish exposed to contaminated waters. Cadmium has a strong affinity for metallothionein proteins and tends to accumulate in metabolically active organs such as the liver and kidneys (Türkmen et al., 2019). The elevated Cd accumulation observed in gill tissues further suggests that waterborne exposure was the dominant uptake pathway in the studied ponds.
Copper (Cu)
Unlike Pb and Cd, copper exhibited very low bioaccumulation factors, with values ranging from 0.02 to 0.25. All BAF values were below unity irrespective of farm, pond type, or tissue examined. These findings indicate that copper concentrations in fish tissues remained lower than corresponding concentrations in pond water.
Copper is an essential micronutrient involved in numerous physiological processes including enzyme activation, respiration, and antioxidant defense. Fish possess efficient homeostatic mechanisms that regulate Cu absorption, storage, and excretion, thereby preventing excessive accumulation under normal environmental conditions (Canli & Atli, 2003). Similar observations were reported by Ahmed et al., (2020), who found low copper bioaccumulation in cultured catfish despite measurable concentrations in water. The low Cu BAF values obtained in this study suggest that the fish were capable of maintaining copper concentrations within physiological limits.
Zinc (Zn)
Zinc recorded the highest bioaccumulation factors among all metals investigated, with values ranging from 2.28 to 28.30. The highest Zn accumulation occurred in the gills of fish reared in New Airport concrete ponds (BAF = 28.30), while even the lowest recorded value exceeded unity. These results indicate extensive bioaccumulation of zinc in all farms and pond types. The high Zn BAF values may be linked to the essential biological functions of zinc in fish metabolism, growth, immune function, and enzyme activity. Although zinc is an essential element, prolonged exposure to elevated environmental concentrations can result in excessive tissue accumulation. Similar high zinc accumulation patterns have been reported in Clarias gariepinus and other freshwater fish species from contaminated aquatic systems (Bawuro et al., 2018; Alhas et al., 2023). The predominance of zinc accumulation in gills observed in the present study further supports the role of direct waterborne uptake through respiratory surfaces. The substantial Zn enrichment observed at New Airport ponds may indicate increased environmental availability of the metal in that location. Across all metals investigated, fish cultured in concrete ponds generally exhibited higher BAF values than those reared in tarpaulin and earthen ponds. This trend suggests that pond design may influence metal bioavailability and uptake. Concrete ponds often possess lower sediment interaction compared with earthen ponds, resulting in greater proportions of dissolved metals remaining in the water column where they are readily available for uptake by fish.
Furthermore, fish from the New Airport farm consistently recorded the highest BAF values for Pb, Cd, Fe, and Zn, indicating greater environmental contamination and metal availability at this location. In contrast, IYONDE farms generally exhibited the lowest bioaccumulation factors, suggesting relatively better water quality and lower anthropogenic inputs. Similar spatial variations in heavy metal bioaccumulation have been documented in aquaculture systems and natural water bodies, where local environmental conditions strongly influence metal uptake by aquatic organisms (Authman et al., 2015; Baki et al., 2018).
The gills consistently recorded the highest BAF values for most metals, followed by the liver and muscle tissues. This pattern reflects the physiological functions of these organs. Gills serve as the primary interface between fish and the aquatic environment, making them highly susceptible to metal uptake. The liver functions as the major detoxification organ and therefore accumulates substantial quantities of metals. Muscle tissue generally exhibited the lowest accumulation, consistent with previous studies indicating lower metal-binding capacity in muscular tissues compared with metabolically active organs (Younis et al., 2021).
Conclusion
Based on the findings of this study, it can be concluded that African catfish (Clarias gariepinus) reared in earthen, concrete, and tarpaulin ponds in Calabar Metropolis accumulate measurable concentrations of heavy metals and nutritional trace elements in their tissues. The degree of accumulation differs according to the type of metal, pond system, and fish tissue.
The liver and gills were generally more effective accumulators of metals than the muscle, reflecting their important physiological functions in detoxification, metabolism and direct interaction with the aquatic environment. The relatively lower concentrations observed in the muscle suggest lower accumulation in the edible tissue compared with the liver and gills; nevertheless, the detection of potentially toxic metals such as lead and cadmium demonstrates the need for continued monitoring of fish intended for human consumption.
The study further establishes that essential elements such as iron, zinc and copper are naturally associated with fish metabolism and nutrition, but their concentrations must remain within appropriate limits because excessive accumulation may have adverse biological effects. Conversely, the detection of non-essential toxic metals such as lead and cadmium is of greater concern because they have no known beneficial physiological function and may produce adverse effects following prolonged exposure.
The differences observed among the pond systems indicate that aquaculture management practices and pond characteristics can influence metal bioaccumulation in cultured fish. Consequently, the safety and nutritional quality of farmed C. gariepinus are dependent not only on the fish species but also on the quality of water, feed, sediment and materials used in the production system.
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