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



ABSTRACT
African catfish (Clarias gariepinus) is widely cultured in several pond systems, and production environments may be associated with differences in metal exposure and tissue accumulation. This cross-sectional study compared iron (Fe), lead (Pb), cadmium (Cd), copper (Cu), and zinc (Zn) in pond water and in the muscle, gills, and liver of C. gariepinus from nine sampled farm-pond groups in Calabar Metropolis, Cross River State, Nigeria. One earthen, one concrete, and one tarpaulin pond were sampled at each of three farms; six fish were analysed per sampled pond, giving 54 fish in total. Tissue concentrations were determined by atomic absorption spectrophotometry and expressed on a dry-weight basis. Tissue data were summarised as mean ± SD and compared across the nine farm-pond groups using one-way ANOVA, while pond-water concentrations were interpreted descriptively. An operational tissue-to-water concentration ratio (L/kg) was calculated from the corresponding tissue and pond-water concentrations; because only a cross-sectional water measurement and dry-weight tissue concentrations were available, this ratio was interpreted as a comparative concentration ratio rather than a steady-state or regulatory bioaccumulation factor. Overall ANOVA indicated differences among the sampled groups for every tissue-metal combination (p < 0.001). Gills frequently contained higher concentrations than muscle, and liver concentrations were also comparatively elevated. The highest tissue Zn concentration was 8.491 ± 0.093 mg/kg dry weight in gills from the New Airport concrete pond. Pond-water concentrations were generally highest at Iyonde and lowest at New Airport; Zn reached 1.720 ± 0.070 mg/L in the Iyonde earthen pond, while Pb ranged from 0.003 ± 0.001 to 0.035 ± 0.003 mg/L. Operational ratios were highest for Zn, reaching 28.30 L/kg in New Airport concrete-pond gills. The findings demonstrate marked site- and tissue-specific variation among the sampled ponds and support continued monitoring of aquaculture water and fish tissues, while generalised pond-type effects require independent pond-level replication.
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1. INTRODUCTION
Aquaculture is an important source of fish for food and livelihoods, and African catfish (Clarias gariepinus) is widely cultivated in Nigerian commercial aquaculture. Recent surveys of Nigerian farms have confirmed that cultured C. gariepinus is produced across diverse pond environments and can be exposed to measurable concentrations of metallic contaminants in pond water and edible tissues (Okocha et al., 2025; Tamunosa et al., 2025).
Metal assessment in cultured fish requires a distinction between physiologically essential elements and non-essential toxicants. Iron, copper, and zinc participate in normal physiological processes, whereas lead and cadmium have no established beneficial biological function and may disrupt biochemical, cellular, and organ-level processes when exposure is sufficient (Kumar et al., 2024; Shahjahan et al., 2022). Thus, the same analytical dataset can contain elements relevant to normal metabolism as well as elements of toxicological concern.
Earthen, concrete, and lined or tarpaulin ponds differ in their contact with soil, sediments, construction materials, water sources, and management inputs. These characteristics can influence the distribution of metals among water, sediment, feed, and biota. Studies of freshwater aquaculture have shown that sediments and production inputs can be important metal reservoirs, and Nigerian comparisons of earthen and concrete ponds have also reported system-specific differences in water, sediment, and fish metal concentrations (Jim-Halliday et al., 2024; Liu et al., 2024).
Fish can acquire metals through more than one exposure pathway. Waterborne uptake occurs principally across respiratory surfaces, while dietary and sediment-associated pathways can also contribute to tissue burdens. Evidence from farmed fish demonstrates that water alone may not identify the dominant source of contamination, because feed and sediment can materially contribute to exposure across a production cycle (Rahman et al., 2025). Consequently, interpretation of tissue concentrations should consider the broader culture environment rather than assume that a single measured water concentration represents total exposure.
Metal distribution is also tissue dependent. Gills are in continuous contact with the aquatic environment, the liver is central to metabolism and sequestration, and muscle commonly contains lower concentrations of several metals than metabolically active organs. Such organ-specific patterns have been documented in Nigerian freshwater fish and in broader fish-bioaccumulation studies (Bawuro et al., 2018; Canli & Atli, 2003; Olayinka-Olagunju et al., 2021). Cadmium distribution, in particular, varies with exposure route, duration, concentration, and tissue-specific handling (Lee et al., 2025).
From a food-safety perspective, concentrations in edible muscle are especially relevant, but concentration data alone do not constitute a complete consumer-risk assessment. Formal risk evaluation depends on the analytical weight basis, consumption assumptions, exposure frequency, and the applicable regulatory framework. Recent aquaculture studies therefore combine concentration measurements with explicitly defined risk-assessment methods rather than infer consumer safety from detection alone (Adegbola et al., 2021; Sun et al., 2025).
Within Nigeria, studies have reported measurable metals in C. gariepinus from rivers and commercial aquaculture systems, with variation among locations, environmental matrices, and tissues (Adegbola et al., 2021; Okocha et al., 2025; Tamunosa et al., 2025). These findings support locally resolved monitoring because farm location, water source, sediment contact, feed, and management can differ substantially among production settings.
Calabar Metropolis is therefore an appropriate setting for a site-specific comparison of cultured C. gariepinus from commonly used pond systems. However, comparative information for earthen, concrete, and tarpaulin ponds within the metropolis remains limited, particularly when pond water and multiple fish tissues are considered together.
A cross-sectional comparison across sampled farm-pond groups can identify spatial and tissue-specific patterns and generate locally relevant monitoring evidence. Because one pond of each type was sampled at each farm in the present design, however, observed differences are interpreted as differences among the sampled farm-pond combinations rather than as independently replicated causal effects of pond construction type.
Accordingly, this study aimed to compare Fe, Pb, Cd, Cu, and Zn concentrations in pond water and in the muscle, gills, and liver of C. gariepinus from nine sampled farm-pond groups in Calabar Metropolis and to calculate corresponding operational tissue-to-water concentration ratios for descriptive comparison.
2. MATERIALS AND METHODS
2.1 Study Area
This study was conducted in Calabar Metropolis, Cross River State, Nigeria, comprising Calabar Municipality and Calabar South Local Government Areas. Calabar has a humid tropical climate and is generally hot and humid throughout the year. Published local climatological information indicates an annual average rainfall of approximately 2,300 mm, a mean annual temperature of about 26.8°C, and a mean relative humidity of approximately 84.6% (Ekwere, 2023). The area was selected because of its numerous commercial fish farms using different aquaculture production systems, including earthen, concrete, and tarpaulin ponds and the availability of African catfish (C. gariepinus) cultured under different pond systems. The selected farm areas for the present study were New Airport, Iyonde, and Magnus. These pond systems differ in construction materials, water sources, sediment contact, and management practices, factors that may influence the distribution of metals within aquaculture environments.
2.2 Research Design
The study used a comparative cross-sectional design to assess Fe, Pb, Cd, Cu, and Zn in C. gariepinus from three selected fish farms: New Airport Farm, University of Cross River State Iyonde Farm, and Magnus Farm. At each farm, one earthen, one concrete, and one tarpaulin pond was sampled, producing nine sampled farm-pond groups. Six fish were analysed from each sampled pond. Fish were biological replicates for tissue measurements within a sampled pond; because only one pond of each type was sampled at each farm, pond type itself was not independently replicated within farm and inference is restricted to the sampled farm-pond combinations.
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 because each contained the three pond systems under investigation.
The selected farm-pond combinations are summarised in Table 1.
Table 1. Selected farms and pond types included in the study
	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 pond of each type was included:
1. Earthen pond, 
1. Concrete pond, and 
1. Tarpaulin pond 
This produced nine sampled farm-pond groups.
Stage Three: Fish Selection
Fish were randomly selected from each sampled pond. Fish of comparable size and apparent health status were selected to reduce avoidable biological heterogeneity.
For each sampled farm-pond group, six fish were collected for fish-level tissue analysis, giving 3 farms × 3 pond types × 6 fish = 54 fish. These six fish represented biological replication of fish tissues within each sampled pond, not independent replication of the pond environment.
2.2.2 Study Group Arrangement
The allocation of fish across the nine sampled groups is summarised in Table 2.
Table 2. Allocation of fish among farms and sampled pond types
	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 comprised nine farm-pond comparison groups defined by the three farms and three pond types.
· Farm: three levels (New Airport, Iyonde, and Magnus).
· Pond type: three levels (earthen, concrete, and tarpaulin).
The sampling combinations were therefore 3 farms × 3 pond types = 9 sampled ponds. Six fish were analysed from each sampled pond, giving 54 fish in total. Each fish was treated as an independent biological replicate for tissue concentration analysis within its farm-pond group.
For each fish, muscle, gill, and liver tissues were separately analysed.
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 laboratory equipment included the following:
atomic absorption spectrophotometer (AAS), analytical balance, hot-plate digestion system, volumetric flasks, beakers, pipettes, conical flasks, polyethylene sample bottles, Whatman No. 42 filter paper, laboratory homogenisation equipment, drying oven, desiccator, measuring board, and acid-washed stainless-steel dissecting instruments.
2.5 Fish 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 analysed. 
Samples were transported to the laboratory in an insulated cooler containing ice packs to minimise 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.

2.5.1 Animal Ethics and Euthanasia
The collection and handling of fish were conducted in accordance with applicable institutional guidelines for the humane use of animals in research. Following transportation to the laboratory, the fish were euthanized by immersion in a buffered solution of tricaine methanesulfonate (MS-222). Fish remained in the solution until complete cessation of opercular movement and for an appropriate period thereafter to ensure deep anesthesia and loss of responsiveness. Following euthanasia, muscle, gill, and liver tissues were collected using acid-washed instruments for metal analysis.

2.6 Tissue 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 homogenised using a clean laboratory mortar and pestle or appropriate homogenising equipment. The homogenised samples were stored in labelled airtight containers until digestion.
2.7 Acid Digestion of Fish Tissue Samples
A wet-digestion procedure was used to prepare dried fish tissues for metal determination.
Approximately 1.0 g of homogenised dried tissue was weighed into a digestion flask and treated with 10 mL concentrated nitric acid (HNO3). Hydrogen peroxide (H2O2) was added during digestion as required to complete oxidation of organic matter. The mixture was heated on a hot plate until a clear digest was obtained. After cooling, the digest was filtered and transferred to a volumetric flask and then diluted to the analytical volume with deionized water. A reagent blank was prepared with the same reagents but without fish tissue.
2.8 Determination of Metals
The concentrations of Fe, Pb, Cd, Cu, and Zn in digested tissue samples were determined by atomic absorption spectrophotometry (AAS).
Element-specific wavelength and instrumental operating conditions were set according to the AAS manufacturer's operating procedure.
Calibration standards were prepared from certified 1000 mg/L stock solutions to bracket the expected sample concentrations. Reagent blanks were used during analysis. Instrument readings obtained in mg/L of digest were converted to mg/kg dry weight of tissue using the dry 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 Latimer (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 analysed 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 Latimer (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 Latimer (2023). Standard zinc solutions were prepared for calibration before sample analysis. The digested samples were analysed 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. The copper concentration was subsequently calculated and expressed in mg/kg.
2.8.6 Calculation of Tissue Metal Concentrations
Tissue metal concentration was calculated as:
Concentration (mg/kg dry weight) = (C × V) / W
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) 
2.9 Operational Tissue-to-Water Concentration Ratio
For descriptive comparison, the corresponding tissue concentration and pond-water concentration for each sampled farm-pond group were combined as an operational tissue-to-water concentration ratio:
Operational ratio (L/kg) = tissue concentration (mg/kg dry weight) / pond-water concentration (mg/L).
Because the tissue values were expressed on a dry-weight basis and the design was cross-sectional, this ratio was used only as a comparative concentration index. It was not interpreted as a regulatory or steady-state bioaccumulation factor, and it was not used to identify a dominant exposure pathway.
2.10 Statistical Analysis
For each metal and tissue, concentrations in the nine farm-pond groups were compared using one-way analysis of variance (ANOVA) at alpha = 0.05, with six fish per group. Each farm-pond combination was treated as a single grouping factor; separate main effects of farm and pond type and a farm × pond-type interaction were not estimated. Accordingly, statistical inference is limited to differences among the nine sampled groups. Pond-water concentrations and operational tissue-to-water ratios were summarised descriptively.

3. RESULTS

3.1 Tissue Metal Concentrations in C. gariepinus
The concentrations of Fe, Pb, Cd, Cu, and Zn in muscle, gills, and liver are summarised by sampled farm-pond group. Values are reported as mean ± SD for six fish per group. Overall one-way ANOVA indicated differences among the nine sampled groups for every tissue-metal combination (all p < 0.001). Because the design did not include independent replication of pond type within farm, these results are interpreted at the farm-pond-group level.
Fe concentrations varied among the sampled groups. Muscle Fe ranged from 0.0680 mg/kg dry weight in Magnus-Earthen fish to 0.1040 mg/kg in Magnus-Tarpaulin fish. Gill Fe ranged from 0.0711 mg/kg in Magnus-Earthen fish to 0.1340 mg/kg in New Airport-Concrete fish, while liver Fe ranged from 0.0792 mg/kg in Magnus-Concrete fish to 0.1190 mg/kg in New Airport-Concrete fish.
Across the Fe dataset, gill concentrations were often higher than muscle concentrations, whereas liver values varied by group. The complete group-level Fe results are presented in Table 3.
Table 3. Mean concentration of iron (Fe) in tissues of C. gariepinus (mg/kg dry weight)
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	0.0955 ± 0.0002
	0.1340 ± 0.0001
	0.1190 ± 0.0001

	New Airport
	Tarpaulin
	0.0933 ± 0.0001
	0.1061 ± 0.0002
	0.0941 ± 0.0002

	New Airport
	Earthen
	0.0743 ± 0.0001
	0.0776 ± 0.0001
	0.1035 ± 0.0000

	Iyonde
	Concrete
	0.0919 ± 0.0001
	0.1210 ± 0.0002
	0.1075 ± 0.0001

	Iyonde
	Tarpaulin
	0.1008 ± 0.0002
	0.1239 ± 0.0001
	0.0942 ± 0.0001

	Iyonde
	Earthen
	0.0693 ± 0.0001
	0.0734 ± 0.0001
	0.1008 ± 0.0001

	Magnus
	Concrete
	0.0853 ± 0.0001
	0.1123 ± 0.0001
	0.0792 ± 0.0001

	Magnus
	Tarpaulin
	0.1040 ± 0.0003
	0.1195 ± 0.0002
	0.0977 ± 0.0001

	Magnus
	Earthen
	0.0680 ± 0.0001
	0.0711 ± 0.0001
	0.0998 ± 0.0001


Values are mean ± SD for n = 6 fish per sampled farm-pond group. Overall one-way ANOVA across the nine groups was significant for muscle, gills, and liver (all p < 0.001).

Pb concentrations also varied across sampled groups. Muscle Pb ranged from 0.0198 mg/kg dry weight in New Airport-Concrete fish to 0.0315 mg/kg in Iyonde-Tarpaulin fish. Gill Pb was highest in New Airport-Concrete fish (0.0422 mg/kg) and lowest in Magnus-Earthen fish (0.0207 mg/kg).
Liver Pb ranged from 0.0247 mg/kg dry weight in Magnus-Concrete fish to 0.0349 mg/kg in New Airport-Concrete fish. The gills generally contained higher Pb concentrations than muscle in the higher-concentration groups. The full Pb dataset is presented in Table 4.


Table 4. Mean concentration of lead (Pb) in tissues of C. gariepinus (mg/kg dry weight)
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	0.0198 ± 0.0034
	0.0422 ± 0.0001
	0.0349 ± 0.0001

	New Airport
	Tarpaulin
	0.0279 ± 0.0001
	0.0331 ± 0.0001
	0.0317 ± 0.0001

	New Airport
	Earthen
	0.0235 ± 0.0000
	0.0234 ± 0.0001
	0.0323 ± 0.0000

	Iyonde
	Concrete
	0.0298 ± 0.0001
	0.0384 ± 0.0001
	0.0327 ± 0.0000

	Iyonde
	Tarpaulin
	0.0315 ± 0.0001
	0.0377 ± 0.0001
	0.0287 ± 0.0001

	Iyonde
	Earthen
	0.0221 ± 0.0000
	0.0219 ± 0.0001
	0.0305 ± 0.0000

	Magnus
	Concrete
	0.0272 ± 0.0000
	0.0338 ± 0.0001
	0.0247 ± 0.0000

	Magnus
	Tarpaulin
	0.0310 ± 0.0000
	0.0354 ± 0.0000
	0.0318 ± 0.0001

	Magnus
	Earthen
	0.0203 ± 0.0000
	0.0207 ± 0.0001
	0.0292 ± 0.0000


Values are mean ± SD for n = 6 fish per sampled farm–pond group. Overall one-way ANOVA across the nine sampled groups was significant for muscle, gills, and liver (all p < 0.001).


Cd concentrations were low in absolute magnitude but varied among sampled groups. Muscle Cd ranged from 0.0037 mg/kg dry weight in Magnus-Earthen fish to 0.0058 mg/kg in Iyonde-Tarpaulin fish. Gill Cd ranged from 0.0034 mg/kg in Magnus-Earthen fish to 0.0078 mg/kg in New Airport-Concrete fish. The complete Cd results are presented in Table 5.
Table 5. Mean concentration of cadmium (Cd) in tissues of C. gariepinus (mg/kg dry weight)
	Farm
	Pond type
	Muscle
	Gills
	Liver

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

	New Airport
	Tarpaulin
	0.0053 ± 0.00002
	0.0063 ± 0.00001
	0.0060 ± 0.00002

	New Airport
	Earthen
	0.0045 ± 0.00002
	0.0043 ± 0.00002
	0.0058 ± 0.00002

	Iyonde
	Concrete
	0.0056 ± 0.00001
	0.0073 ± 0.00002
	0.0060 ± 0.00001

	Iyonde
	Tarpaulin
	0.0058 ± 0.00001
	0.0072 ± 0.00002
	0.0055 ± 0.00003

	Iyonde
	Earthen
	0.0040 ± 0.00002
	0.0039 ± 0.00002
	0.0051 ± 0.00002

	Magnus
	Concrete
	0.0049 ± 0.00002
	0.0060 ± 0.00002
	0.0044 ± 0.00002

	Magnus
	Tarpaulin
	0.0056 ± 0.00004
	0.0063 ± 0.00002
	0.0060 ± 0.00002

	Magnus
	Earthen
	0.0037 ± 0.00002
	0.0034 ± 0.00002
	0.0045 ± 0.00002


Values are mean ± SD for n = 6 fish per sampled farm-pond group. Overall one-way ANOVA across the nine groups was significant for muscle, gills, and liver (all p < 0.001).
Liver Cd ranged from 0.0044 mg/kg dry weight in Magnus-Concrete fish to 0.0066 mg/kg in New Airport-Concrete fish. These tissue-specific values are summarised in Table 5.


Cu concentrations varied among sampled groups. Muscle Cu ranged from 0.0111 mg/kg dry weight in Magnus-Earthen fish to 0.0164 mg/kg in Magnus-Tarpaulin fish. Gill Cu ranged from 0.0102 mg/kg in Magnus-Earthen fish to 0.0221 mg/kg in New Airport-Concrete fish, and liver Cu ranged from 0.0131 mg/kg in Magnus-Concrete fish to 0.0185 mg/kg in New Airport-Concrete fish. The complete Cu results are presented in Table 6.
Table 6. Mean concentration of copper (Cu) in tissues of C. gariepinus (mg/kg dry weight)
	Farm
	Pond type
	Muscle
	Gills
	Liver

	New Airport
	Concrete
	0.0154 ± 0.0001
	0.0221 ± 0.0001
	0.0185 ± 0.0000

	New Airport
	Tarpaulin
	0.0147 ± 0.0000
	0.0172 ± 0.0001
	0.0164 ± 0.0001

	New Airport
	Earthen
	0.0121 ± 0.0000
	0.0119 ± 0.0001
	0.0164 ± 0.0001

	Iyonde
	Concrete
	0.0157 ± 0.0000
	0.0201 ± 0.0001
	0.0170 ± 0.0001

	Iyonde
	Tarpaulin
	0.0163 ± 0.0001
	0.0196 ± 0.0001
	0.0153 ± 0.0000

	Iyonde
	Earthen
	0.0118 ± 0.0000
	0.0114 ± 0.0001
	0.0152 ± 0.0001

	Magnus
	Concrete
	0.0141 ± 0.0000
	0.0176 ± 0.0001
	0.0131 ± 0.0001

	Magnus
	Tarpaulin
	0.0164 ± 0.0001
	0.0185 ± 0.0001
	0.0164 ± 0.0001

	Magnus
	Earthen
	0.0111 ± 0.0000
	0.0102 ± 0.0001
	0.0148 ± 0.0001


Values are mean ± SD for n = 6 fish per sampled farm-pond group. Overall one-way ANOVA across the nine groups was significant for muscle, gills, and liver (all p < 0.001).


Zn occurred at substantially higher absolute concentrations than the other measured elements. Muscle Zn ranged from 3.810 mg/kg dry weight in Magnus-Earthen fish to 6.349 mg/kg in Iyonde-Tarpaulin fish. The gills contained the highest single tissue concentration in the study, 8.491 mg/kg in New Airport-Concrete fish, while the lowest gill Zn was 3.801 mg/kg in Magnus-Earthen fish. Liver Zn ranged from 5.008 mg/kg in Magnus-Concrete fish to 7.063 mg/kg in New Airport-Concrete fish. The group-level Zn results are presented in Table 7.
Table 7. Mean concentration of zinc (Zn) in tissues of C. gariepinus (mg/kg dry weight)
	Farm
	Pond type
	Muscle
	Gills
	Liver

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

	New Airport
	Tarpaulin
	5.617 ± 0.217
	6.652 ± 0.134
	6.422 ± 0.099

	New Airport
	Earthen
	4.740 ± 0.164
	4.714 ± 0.034
	6.506 ± 0.042

	Iyonde
	Concrete
	6.034 ± 0.019
	7.748 ± 0.026
	6.588 ± 0.027

	Iyonde
	Tarpaulin
	6.349 ± 0.020
	7.649 ± 0.413
	5.795 ± 0.020

	Iyonde
	Earthen
	3.940 ± 0.160
	3.930 ± 0.030
	5.910 ± 0.037

	Magnus
	Concrete
	5.475 ± 0.020
	6.818 ± 0.024
	5.008 ± 0.024

	Magnus
	Tarpaulin
	6.271 ± 0.016
	7.145 ± 0.022
	6.432 ± 0.013

	Magnus
	Earthen
	3.810 ± 0.150
	3.801 ± 0.024
	5.703 ± 0.031


Values are mean ± SD for n = 6 fish per sampled farm-pond group. Overall one-way ANOVA across the nine groups was significant for muscle, gills, and liver (all p < 0.001).

3.2 Pond-Water Metal Concentrations
Pond-water Fe concentrations ranged from 0.080 ± 0.006 mg/L in the New Airport concrete pond to 0.685 ± 0.026 mg/L in the Iyonde earthen pond. Iyonde showed the highest Fe values across its three sampled ponds, whereas New Airport showed the lowest. These descriptive Fe data are presented in Table 8.
Table 8. Mean concentration of iron (Fe) in pond water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	0.409 ± 0.018

	Iyonde
	Tarpaulin
	0.512 ± 0.021

	Iyonde
	Earthen
	0.685 ± 0.026

	Magnus
	Concrete
	0.120 ± 0.009

	Magnus
	Tarpaulin
	0.145 ± 0.011

	Magnus
	Earthen
	0.210 ± 0.014

	New Airport
	Concrete
	0.080 ± 0.006

	New Airport
	Tarpaulin
	0.095 ± 0.007

	New Airport
	Earthen
	0.110 ± 0.008


Values are mean ± SD. Pond-water values are presented descriptively because the independent water-replicate structure was not included in the fish-level statistical model.
Pond-water Pb ranged from 0.003 ± 0.001 mg/L in the New Airport concrete pond to 0.035 ± 0.003 mg/L in the Iyonde earthen pond. Within each farm, the earthen pond had the highest Pb concentration, followed by tarpaulin and concrete. Because independent water-replicate structure was not incorporated into the fish-level statistical design, these water comparisons are interpreted descriptively. The Pb values are presented in Table 9.
Table 9. Mean concentration of lead (Pb) in pond water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	0.022 ± 0.002

	Iyonde
	Tarpaulin
	0.028 ± 0.002

	Iyonde
	Earthen
	0.035 ± 0.003

	Magnus
	Concrete
	0.008 ± 0.001

	Magnus
	Tarpaulin
	0.009 ± 0.001

	Magnus
	Earthen
	0.012 ± 0.001

	New Airport
	Concrete
	0.003 ± 0.001

	New Airport
	Tarpaulin
	0.004 ± 0.001

	New Airport
	Earthen
	0.005 ± 0.001


Values are mean ± SD. Pond-water values are presented descriptively because the independent water-replicate structure was not included in the fish-level statistical model.
Pond-water Cd ranged from 0.0010 ± 0.0001 mg/L in the New Airport concrete pond to 0.0072 ± 0.0006 mg/L in the Iyonde earthen pond. The same descriptive ordering of earthen > tarpaulin > concrete occurred within each farm. The Cd values are presented in Table 10.
Table 10. Mean concentration of cadmium (Cd) in pond water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	0.0045 ± 0.0004

	Iyonde
	Tarpaulin
	0.0058 ± 0.0005

	Iyonde
	Earthen
	0.0072 ± 0.0006

	Magnus
	Concrete
	0.0021 ± 0.0002

	Magnus
	Tarpaulin
	0.0025 ± 0.0002

	Magnus
	Earthen
	0.0030 ± 0.0003

	New Airport
	Concrete
	0.0010 ± 0.0001

	New Airport
	Tarpaulin
	0.0012 ± 0.0001

	New Airport
	Earthen
	0.0015 ± 0.0001


Values are mean ± SD. Pond-water values are presented descriptively because the independent water-replicate structure was not included in the fish-level statistical model.
Pond-water Cu ranged from 0.090 ± 0.008 mg/L in the New Airport concrete pond to 0.610 ± 0.024 mg/L in the Iyonde earthen pond. Iyonde again showed the highest values across the sampled pond types, while New Airport showed the lowest. The Cu results are presented in Table 11.
Table 11. Mean concentration of copper (Cu) in pond water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	0.450 ± 0.018

	Iyonde
	Tarpaulin
	0.520 ± 0.021

	Iyonde
	Earthen
	0.610 ± 0.024

	Magnus
	Concrete
	0.180 ± 0.012

	Magnus
	Tarpaulin
	0.200 ± 0.013

	Magnus
	Earthen
	0.250 ± 0.015

	New Airport
	Concrete
	0.090 ± 0.008

	New Airport
	Tarpaulin
	0.110 ± 0.009

	New Airport
	Earthen
	0.130 ± 0.010


Values are mean ± SD. Pond-water values are presented descriptively because the independent water-replicate structure was not included in the fish-level statistical model.
Pond-water Zn ranged from 0.300 ± 0.018 mg/L in the New Airport concrete pond to 1.720 ± 0.070 mg/L in the Iyonde earthen pond. Across all three farms, the sampled earthen pond had the highest Zn concentration and the sampled concrete pond the lowest. The Zn results are presented in Table 12.
Table 12. Mean concentration of zinc (Zn) in pond water
	Farm
	Pond Type
	Mean ± SD (mg/L)

	Iyonde
	Concrete
	1.250 ± 0.052

	Iyonde
	Tarpaulin
	1.480 ± 0.061

	Iyonde
	Earthen
	1.720 ± 0.070

	Magnus
	Concrete
	0.550 ± 0.028

	Magnus
	Tarpaulin
	0.620 ± 0.031

	Magnus
	Earthen
	0.750 ± 0.035

	New Airport
	Concrete
	0.300 ± 0.018

	New Airport
	Tarpaulin
	0.350 ± 0.020

	New Airport
	Earthen
	0.420 ± 0.022


Values are mean ± SD. Pond-water values are presented descriptively because the independent water-replicate structure was not included in the fish-level statistical model.
3.3 Operational Tissue-to-Water Concentration Ratios
The operational tissue-to-water concentration ratios varied widely because both tissue concentration and the corresponding pond-water concentration contributed to the quotient. Zn produced the largest ratios (2.28-28.30 L/kg), followed by Pb and Cd in several sampled groups. New Airport frequently produced high ratios despite having the lowest measured water concentrations, demonstrating that a high ratio should not be interpreted as evidence of greater absolute environmental contamination. The Fe ratios are presented first in Table 13.



Table 13. Operational tissue-to-water concentration ratio for iron (Fe) in C. gariepinus (L/kg)
	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


Fe ratios ranged from 0.10 to 1.68 L/kg. Values above 1 occurred only in selected New Airport tissues and reflect tissue concentration relative to the corresponding measured water concentration. The Pb ratios are presented in Table 14.
Table 14. Operational tissue-to-water concentration ratio for lead (Pb) in C. gariepinus (L/kg)
	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 ratios ranged from 0.63 to 14.07 L/kg, with the largest value in New Airport concrete-pond gills. These values describe relative enrichment against the measured water denominator and do not by themselves identify exposure source or contamination severity. The Cd ratios are presented in Table 15.
Table 15. Operational tissue-to-water concentration ratio for cadmium (Cd) in C. gariepinus (L/kg)
	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 ratios ranged from 0.54 to 7.80 L/kg, with the highest value in New Airport concrete-pond gills. The Cu ratios are presented in Table 16.
Table 16. Operational tissue-to-water concentration ratio for copper (Cu) in C. gariepinus (L/kg)
	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 ratios were below 1 L/kg in all sampled groups (0.02-0.25 L/kg), indicating that dry-weight tissue concentrations were numerically lower than the corresponding pond-water concentrations on the study's concentration-ratio scale. The Zn ratios are presented in Table 17.
Table 17. Operational tissue-to-water concentration ratio for zinc (Zn) in C. gariepinus (L/kg)
	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 ratios ranged from 2.28 to 28.30 L/kg and were above 1 in every sampled group. These high ratios reflect comparatively high tissue Zn relative to the corresponding measured water concentration and should not be interpreted as a regulatory risk threshold.
4. DISCUSSION
4.1 Tissue-Specific Metal Patterns
The tissue data demonstrate substantial heterogeneity among the nine sampled farm-pond groups. Overall one-way ANOVA was significant for every tissue-metal combination (p < 0.001), but the design supports inference only among the sampled groups rather than an independently replicated main effect of pond construction type. Tissue-specific differences are biologically plausible because metal uptake and distribution depend on exposure concentration, water chemistry, dietary inputs, and organ-specific physiology (Kumar et al., 2024; Shahjahan et al., 2022).

Fe concentrations were generally greater in gills and liver than in muscle in several sampled groups. The gill maximum occurred in New Airport-Concrete fish, whereas the lowest gill Fe occurred in Magnus-Earthen fish. Such tissue differences are consistent with the continuous environmental contact of the gills and the metabolic role of the liver, although the present cross-sectional design does not identify the dominant source of Fe exposure.
Comparable tissue-specific patterns have been reported for C. gariepinus and other freshwater fish. Olawusi-Peters et al. (2014) documented Fe, Zn, Pb, and Cu in gills and other tissues of C. gariepinus from River Ogbese, while Bawuro et al. (2018) reported lower concentrations in flesh than in several metabolically active tissues for multiple metals. These studies support the interpretation that organ function and exposure interface contribute to tissue-specific accumulation.

Pb was measurable in all three tissues, with the highest gill and liver values occurring in New Airport-Concrete fish and the lowest gill value in Magnus-Earthen fish. The higher gill concentrations in several groups are consistent with the gill acting as an important interface with the aquatic environment, but waterborne uptake cannot be isolated from dietary or sediment-associated exposure in this study.
Tissue-specific Pb accumulation has been reported in Nigerian C. gariepinus and other fish populations, including industrially influenced rivers and aquaculture settings (Adegbola et al., 2021; Olayinka-Olagunju et al., 2021). Because Pb is non-essential and can accumulate in fish tissues, its detection supports continued environmental and food-chain monitoring; however, the present dry-weight concentration data were not used to make a formal consumer-risk classification.

Cd showed a similar pattern of tissue heterogeneity, with the highest gill concentration in New Airport-Concrete fish and the lowest in Magnus-Earthen fish. Cadmium has no established beneficial biological role, and its tissue distribution can vary with exposure route, duration, concentration, and tissue-specific sequestration mechanisms (Lee et al., 2025). The observed gill concentrations are therefore consistent with water-contact exposure but do not establish water as the dominant uptake pathway.
The relatively low absolute Cd concentrations should nevertheless be interpreted cautiously because analytical sensitivity and quality-control characteristics are particularly important at trace concentrations. Cross-study comparisons also require attention to wet- versus dry-weight reporting and to differences in species, size, water chemistry, and exposure conditions (Lee et al., 2025).

Cu concentrations varied among sampled groups, with the highest gill concentration in New Airport-Concrete fish and the lowest in Magnus-Earthen fish. Copper is essential to normal physiology but can become toxic when exposure exceeds homeostatic capacity (Shahjahan et al., 2022). Because physiological biomarkers were not measured, the present concentration data do not demonstrate either toxicity or successful homeostatic regulation.
Experimental work confirms that Cu can distribute among gill, liver, kidney, spleen, and muscle of C. gariepinus under controlled exposure (Tunçsoy et al., 2016). Field studies likewise show organ-specific metal patterns in fish (Bawuro et al., 2018; Canli & Atli, 2003). The current Cu results are therefore best interpreted as descriptive tissue-distribution data rather than evidence for a particular uptake mechanism.

Zn had the highest absolute tissue concentrations among the five measured elements, and the largest observed value occurred in New Airport-Concrete gills. Zinc is an essential trace element, so tissue concentrations reflect both physiological demand and environmental exposure. The present design cannot separate those contributions or determine whether the observed concentrations represent adverse biological exposure.
The tendency for gills and liver to contain more metal than muscle is consistent with multiple field studies, including Bawuro et al. (2018) and Mahamood et al. (2023). This pattern is relevant to interpretation because muscle is the principal edible tissue, whereas gills and liver provide additional information about exposure and physiological handling. Formal food-safety assessment, however, would require matched wet-weight concentrations or measured moisture conversion together with consumption-based risk calculations (Adegbola et al., 2021; Sun et al., 2025).
4.2 Pond-Water Metal Concentrations
Pond-water concentrations showed a consistent descriptive spatial pattern: Iyonde had the highest concentrations and New Airport the lowest for all five measured elements, while the sampled earthen pond within each farm had higher concentrations than the corresponding tarpaulin and concrete ponds. This pattern should be interpreted as an observation from the nine sampled ponds rather than a replicated causal effect of pond construction. Differences among pond environments are plausible because sediment contact, feed inputs, water source, and management can alter metal distribution (Jim-Halliday et al., 2024; Liu et al., 2024).
The higher water concentrations at Iyonde are important when interpreting the tissue-to-water ratios because a larger water denominator reduces the ratio even when tissue concentrations remain measurable. Conversely, the low water concentrations at New Airport produce larger ratios for several metals. The pond-water data therefore should be considered together with, rather than inferred from, the ratio values.
No direct regulatory food-safety conclusion was drawn from these pond-water concentrations because the applicable standard depends on the environmental matrix and intended use. Recent aquaculture research demonstrates that water, feed, and sediment can contribute differently to metal exposure across production stages, reinforcing the need for multi-matrix monitoring when sources are being investigated (Rahman et al., 2025).
4.3 Operational Tissue-to-Water Concentration Ratios
The operational ratios provide a simple comparison of tissue concentration with the corresponding measured pond-water concentration. They are useful for describing relative enrichment within this dataset but are not treated as steady-state bioaccumulation factors because tissue concentrations were expressed on a dry-weight basis, the study was cross-sectional, and feed and sediment exposure were not quantified.

Fe ratios were generally below 1 L/kg except in selected New Airport tissues. This pattern does not demonstrate superior or inferior water quality; it indicates how tissue Fe compared numerically with the measured water concentration in each sampled pond. Because the gills are directly exposed to water, their comparatively high ratios are biologically plausible, but the present data cannot quantify the relative contributions of water and diet.

Pb ratios were above 1 in most sampled groups and reached 14.07 L/kg in New Airport concrete-pond gills. The highest ratios occurred where measured water Pb was low, illustrating the denominator dependence of the metric. The ratio should therefore not be used as a stand-alone indicator of absolute environmental Pb contamination.
Pb is non-essential and its accumulation in fish tissues remains environmentally relevant. Studies of fish from Nigerian and other aquatic environments have documented tissue-specific Pb accumulation, commonly with relatively low concentrations in muscle compared with gills or liver (Adegbola et al., 2021; El-Moselhy et al., 2014). The present results are consistent with that general tissue-distribution pattern.

Cd ratios ranged from 0.54 to 7.80 L/kg. As with Pb, high New Airport ratios co-occurred with comparatively low water concentrations, so the ratios do not establish greater environmental contamination at New Airport. Cadmium can be acquired through both waterborne and dietary pathways, and organ-specific distribution depends on exposure conditions (Lee et al., 2025).

Cu ratios were below 1 L/kg in all sampled groups. On this study's dry-tissue-to-water concentration scale, that finding means only that the numerator was smaller than the corresponding water concentration after unit conversion. It does not demonstrate physiological safety, absence of toxicity, or successful homeostatic regulation.
Cu is physiologically essential, and experimental work shows that it can accumulate in multiple C. gariepinus tissues under controlled exposure (Tunçsoy et al., 2016). Interpretation of Cu status therefore requires concentration, exposure conditions, and biological-response information together.

Zn produced the highest operational ratios, from 2.28 to 28.30 L/kg. This reflects the combination of relatively high Zn tissue concentrations and, in some groups, comparatively low measured water Zn. Because Zn is essential and subject to physiological regulation, the ratio alone cannot distinguish nutritional handling from environmental exposure.
The contrast between New Airport and Iyonde is particularly informative: New Airport generally had the lowest pond-water concentrations but the highest ratios, whereas Iyonde generally had the highest pond-water concentrations but lower ratios. This inverse pattern confirms that the ratio is sensitive to the water denominator and should not be interpreted as a direct ranking of site contamination.
Across the dataset, gills frequently had the largest tissue concentrations or operational ratios, followed by liver in many comparisons, while muscle was commonly lower. Similar organ-specific patterns have been reported in freshwater fish because gills are a major environmental interface and the liver is metabolically active, whereas muscle often has lower metal-binding and detoxification functions (Bawuro et al., 2018; Canli & Atli, 2003).
5. CONCLUSION
African catfish from the nine sampled farm-pond groups in Calabar Metropolis contained measurable Fe, Pb, Cd, Cu, and Zn in muscle, gills, and liver. Concentrations differed among the sampled groups and tissues, with gills and liver frequently showing higher values than muscle. These findings support the use of multiple tissues when characterising metal exposure in cultured fish.
Pond-water concentrations were descriptively highest at Iyonde and lowest at New Airport, whereas operational tissue-to-water ratios were often largest at New Airport because its measured water concentrations were comparatively low. The ratios therefore describe relative tissue enrichment against the measured water denominator and should not be interpreted as direct rankings of contamination severity or dominant exposure pathway.
The lower concentrations observed in muscle relative to gills and liver for many comparisons are relevant to food monitoring, but the present dry-weight data were not used for a formal consumer-risk classification. Continued surveillance should integrate fish tissue with pond water and, where source attribution is required, feed and sediment measurements.
Overall, the study provides a preliminary site-specific dataset on selected metal concentrations in cultured C. gariepinus from the sampled ponds in Calabar Metropolis. Broader conclusions about pond-type effects require independent pond-level replication across farms and seasons.
6. LIMITATIONS
The study was limited to three farms, with one sampled earthen, concrete, and tarpaulin pond at each farm. Fish provided biological replication for tissue measurements within ponds, but pond type was not independently replicated within farm; therefore, the results should not be generalised as causal pond-type effects. Sampling was cross-sectional and did not address seasonal variation. The analysis focused on five metals and three tissues, while feed, sediment, metal speciation, and other exposure pathways were not quantified. Pond-water results were interpreted descriptively because their independent replicate structure was not incorporated into the fish-level statistical model. Tissue concentrations were reported on a dry-weight basis, limiting direct comparison with wet-weight food standards without a measured moisture conversion. In addition, analytical performance metrics such as certified-reference-material recovery and element-specific detection limits were not available for inclusion in the present dataset; very low trace concentrations should therefore be interpreted cautiously. These limitations constrain confidence in the absolute concentration estimates, source attribution, causal interpretation, and consumer-risk interpretation. In particular, the absence of element-specific detection and quantification limits and certified-reference-material or recovery data limits retrospective assessment of analytical performance at the lowest reported concentrations. Accordingly, the observed concentration patterns should be interpreted cautiously, particularly for measurements approaching the analytical sensitivity of the method.
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