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Trace metals and pesticides in edible fish from the Djoudj National Bird Park in Senegal: human health implications



ABSTRACT 
Background and objective: Freshwater wetlands located downstream of intensive agricultural zones are becoming increasingly exposed to chemical pollution, raising significant concerns for ecosystem and human health. This study examined trace metal and pesticide contamination in edible fish from Senegal’s Djoudj National Bird Park and assessed their implication to human health. 
Methodology: Fish belonging to the two most consumed families, Cichlidae and Clariidae, were collected during three sampling campaigns conducted between 2019 and 2020,  coinciding with periods of agricultural drainage. Fish muscle tissues were analyzed for cadmium, lead, and mercury using atomic absorption spectrometry, whereas pesticide residues were quantified/measured by gas chromatography-mass spectrometry. Potential human health risks were then assessed using the health risk index (HRI) and target hazard quotient (THQ). 
Results: Results showed detectable contamination by both trace metals and pesticides. For pesticides, most HRI values remained below 100%, suggesting generally acceptable exposure levels. However, aldrin detected in Clariidae exceeded recommended intake limits. Trace metals showed a more critical situation, with cadmium presenting the highest risk with THQ values far above the safety threshold in both fish families. In contrast, mercury and lead showed THQ values below 1. 
Conclusion: Overall, these findings indicate that, despite its protected status, the Djoudj National Bird Park remains influenced by upstream contamination. Such exposure may affect food safety for local populations and likely disrupt the long-term ecological balance of the wetland, underscoring the need for strengthened environmental monitoring and improved management of agricultural inputs in the region.
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1. INTRODUCTION 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Freshwater ecosystems around the world are increasingly under pressure from contamination by hazardous pollutants, raising concerns about environmental quality and public health. One of the main drivers of this problem is the intensive use of synthetic fertilizers and pesticides in agriculture, particularly in developing regions where environmental monitoring systems and regulatory frameworks are often limited or insufficient (Tachie-Menson et al., 2025). Once released into aquatic environments, these agrochemicals may persist in water and sediments, where they can bioaccumulate in aquatic organisms such as fish, which are key components of food webs and important sources of protein for human populations (H. Ali et al., 2019; Jezierska & Witeska, 2006). The bioaccumulation of trace metals and pesticides has been associated with ecological stress, reproductive failure, and potential carcinogenic and neurotoxic effects in both wildlife and humans (Ab. Shukor et al., 2024; Diouf et al., 2025; Łuczyńska et al., 2018; Vera-Herrera et al., 2022). Across Africa, several agrochemicals used in irrigated agriculture have been recognized as potential endocrine-disrupting compounds, with far-reaching implications for aquatic biodiversity (Horak et al., 2021). 
In Senegal, freshwater contamination is exacerbated by limited drainage infrastructure and insufficient enforcement of environmental regulations. The construction of the Diama Dam in 1986, intended to regulate river flow and prevent seawater intrusion, facilitated the expansion of large-scale irrigation schemes across the Senegal River Delta. Managed primarily by the Société d’Aménagement et d’Exploitation des terres du Delta (SAED), these irrigated perimeters have promoted the production of rice, maize, and sorghum but are frequently associated with poorly controlled agrochemical inputs (M’Baye et al., 2021; Richard et al., 2021). Drainage waters from these fields typically discharges into adjacent wetlands, transporting complex mixtures of pollutants such as nitrates, phosphates, pesticides, and trace metals (Diouf et al., 2025; Toé et al., 2004).
Previous investigations in the Senegal River Delta have reported the presence of organochlorine pesticide residues (e.g., endosulfan and lindane) in irrigation drainage water (Cisse, 2012), confirming the persistence of legacy contaminants in the region. More recent studies have further demonstrated that irrigation and drainage practices significantly affect both surface water and groundwater quality, potentially limiting their suitability for agricultural and domestic use (Diouf et al., 2025). Such contamination has been associated with eutrophication, biodiversity loss, and ecological imbalance in several West African wetlands (Musa et al., 2025; Soro et al., 2023). Furthermore, the accumulation of toxic substances within aquatic food webs poses a direct risk to human health, particularly among populations that rely on local fish as a dietary staple (Łuczyńska et al., 2018; Vera-Herrera et al., 2022). In Senegal, recent findings have revealed elevated concentrations of trace metals in tilapia (Sarotherodon melanotheron) from the Grande Niaye of Pikine, with target hazard quotient (THQ) values exceeding established safety thresholds for children (Sène et al., 2025).
Although several studies have examined water quality in agricultural zones along the Senegal River (M’Baye et al., 2021; Richard et al., 2021; Tfeila et al., 2016), limited attention has been paid to chemical contamination within the Djoudj National Bird Sanctuary (PNOD), a Ramsar-listed wetland and UNESCO World Heritage Site. This protected area receives drainage from upstream irrigated lands and supports both biodiversity conservation and local livelihoods through fishing activities. The present study therefore aims to determine the concentrations of trace metals and pesticides in the most commonly consumed fish species in the Djoudj National Bird Park in order to assess the potential human health risks associated with their consumption. The findings are expected to provide essential baseline data for environmental management, inform policy decisions regarding agrochemical regulation, and support ongoing efforts to preserve aquatic biodiversity and safeguard public health in the Senegal River Delta.

2. MATERIAL AND METHODS
2.1. Study area
The study was conducted in Djoudj National Bird Sanctuary (PNOD), located in the lower Senegal River Valley near the Mauritanian border (Figure 1). Covering approximately 16,000 hectares, PNOD is one of the most important wetlands in West Africa. It forms part of the Senegal River Delta, a region characterized by a network of shallow lakes, floodplains, backwaters, and reed-covered marshes that create a dynamic mosaic of aquatic habitats (Triplet et al., 2020; UNESCO, 2023). Designated a Ramsar Wetland of International Importance in 1980 and a UNESCO World Heritage Site in 1981, PNOD plays a crucial role in the conservation of regional biodiversity. It serves as a major stopover and wintering site for millions of migratory birds along the East Atlantic Flyway and functions as an important breeding and nursery habitat for fish, amphibians, and invertebrates, thereby contributing to the ecological balance of the Senegal River Delta (Osipova et al., 2017). 
The park lies downstream of intensive agricultural zones managed primarily by the Société d’Aménagement et d’Exploitation des terres du Delta (SAED) and private operators. These irrigated areas discharge drainage water and agrochemical residues that may reach the wetland, potentially affecting its ecological integrity (Diouf et al., 2025; M’Baye et al., 2021). Given its position within the hydrological network of the Senegal River, the PNOD is highly sensitive to changes in water quality, which may alter species composition, reproductive success, and overall ecosystem functioning (Ackerman et al., 2016; H. Ali et al., 2019; Pascual-Aguilar et al., 2015). Beyond its ecological significance, the PNOD also provides essential ecosystem services to surrounding communities. Fishing within and around the park contributes to local food security and livelihoods, supporting hundreds of households that depend on aquatic resources for income and subsistence (FAO, 2022). 
[image: ]
[bookmark: _Ref221378834]Figure 1. Map of the Djoudj National Bird Park (PNOD). 
2.2. Biological material and sampling strategy 
In the present study, two fish families were selected owing to their predominance in local fisheries and their substantial contribution to the dietary intake of communities residing in the vicinity of the park. This selection was based on the results of a preliminary survey conducted among local populations, which identified the fish species most frequently targeted and consumed. The families retained for analysis were Cichlidae and Clariidae. The study did not focus on individual species; rather, all species belonging to each family and captured during the sampling period were included in the analysis (Table 1).
Fish samples were collected within the park during three distinct sampling campaigns, each aligned with the drainage cycles of rice paddies surrounding the park (Figure 1). The first sampling campaign was carried out in August 2019, approximately two weeks after the sluice gates were opened. This timing allowed canoe access to the sampling sites but it preceded the beginning of active drainage from the rice fields. The second campaign took place in November 2019, approximately two weeks after the rice paddies had been fully drained and just before harvest, when agricultural inputs and residues were likely being transported into adjacent waterways. The third campaign was conducted in February 2020, following the second round of fertilizer application and pesticide treatment, as well as the subsequent drainage of paddies located within the park boundaries. During each campaign, ten (10) individuals representing multiple species were sampled for each family. 



[bookmark: _Ref221380525]Table 1. List of caught species for each family. 
	Cichlidae
	Hemichromis bimaculatus

	
	Hemichromis fasciatus

	
	Limbochromis Cavaliensis

	
	Oreochromis Niloticus

	
	Sarotherodon Galilaeus

	
	Sarotherodon Melanotheron

	
	Sarotherodon tounieri

	
	Tilapia Zilli

	Clariidae
	Clarias Anguillaris

	
	Clarias Lamotei

	
	Clarias Gariepinus

	
	Clarias Macromystax



2.3. Chemical analysis 
The chemical analysis of the samples was performed following the standardized protocols established by the United States Environmental Protection Agency (U.S. EPA). These internationally recognized methods ensure the reliability, reproducibility, and comparability of the results obtained. Specifically, USEPA Method 3050B (1996) was employed for acid digestion and the determination of heavy metals, whereas USEPA Method 8081B (2007) was utilized for the extraction and quantification of pesticides.
2.4. Trace element metals (ETMs)
For each sample, 1.5 g was digested in Pyrex volumetric flasks using a mixture of 15 mL of 65% nitric acid (HNO₃), 3 mL of hydrochloric acid (HCl) and 0.5 mL of perchloric acid (HClO₄), followed by the addition of 6 mL of 1% nitric acid. The resulting solution was diluted to a final volume of 50 mL with 0.1 N acidified water. Target metal concentrations were determined using atomic absorption spectrometry (AAS 110), calibrated with certified analytical standards for each target metal. Calibration curves were prepared individually for each element, and fortified (spiked) samples were analyzed to assess recovery rates, with spike concentrations maintained within the calibration range. The limits of quantification (LOQ) were 0.05 mg/kg for lead (Pb), 0.005 mg/kg for cadmium (Cd), and 0.01 mg/kg for mercury (Hg). Lead and cadmium were measured using a graphite furnace, whereas mercury was quantified using cold vapor atomic absorption spectrometry. 
2.5. Pesticides 
The pesticides were extracted from homogenized samples using a modified QuEChERS protocol (AOAC). Extracts were analyzed using gas chromatography-mass spectrometry (GC/MS) on a Varian Model 1200 system, equipped with a DB-5MS capillary column (30 m × 0.25 mm × 0.25 µm). Injections were performed in splitless mode (1 μL), with injector and source temperatures set at 295 °C and 280 °C, respectively. Mass scanning was conducted from 50 to 500 m/z, using helium as the carrier gas at a constant flow rate of 1 mL/min. Pesticide quantification was performed using selective reaction monitoring (SRM) mode. All reagents and standards were obtained from Sigma-Aldrich.
2.6. Quality Assurance and Quality Control
A strict QA/QC protocol was applied to ensure the accuracy and reliability of ETM and pesticide analyses. For pesticides, three test samples were prepared from a homogenized reference material to assess analytical accuracy. One sample was spiked with 1 µL of a standard solution at 2,000 µg/mL, while the two others remained unspiked. Recovery rates were calculated accordingly and ranged from 81% to 95%. The detection limit was set at 40 ng/g dry wight. For ETMs, multi-element calibration was performed using single-element standard solutions (SCP Science). To ensure instrument stability and analytical precision, standard solutions were injected after every three samples during analysis.
2.7. Human health risk assessment 
To assess the health risks associated with the consumption of Cichlidae and Clariidae by populations living along the PNOD, two indices were used.
2.7.1. Estimated daily intake (EDI) of pesticide residues
The estimated daily intake (EDI) of pesticide residues is calculated for each pesticide as follows:


NR = Level of pesticide residues in the ingested food (μg/kg)
QAI = Quantity of food ingested (kg/kg body weight/day)
It should be noted that no data are available on the daily fish consumption of populations living along the PNOD. For this reason, FAO statistics on the annual per capita fish consumption of Senegalese people were used. These statistics indicate that, on average, a Senegalese person consumes 29 kg per year. In the context of this study, this value is applied to an individual weighing 60 kg. 
The health risk index (HRI) was calculated by comparing the calculated EDI to the estimated daily intake (ADI) and was expressed as a percentage of the ADI (Kim et al., 2024). 

2.7.2. Target hazard quotient (THQ)
Non-carcinogenic health risks from daily consumption of contaminated Cichlidae and Clariidae were assessed using the Target Hazard Quotient (THQ) for Cd, Pd and Hg, following Badji et al. (2025). The THQ integrates exposure frequency, exposure duration, daily seafood intake (80 g/day), contaminant concentration, reference dose, and average body weight (60 kg for adults in Senegal; ANSD, 2017). A THQ value below 1 indicates negligible risk, whereas values above 1 suggest potential adverse effects. The THQ is defined by the following equation:

     
where, 
EFr is the exposure frequency (365 days);
EDtot is the lifetime expectancy (65 years in Senegal: ANSD, 2017);
Wfood is the daily consumption quantity (g), corresponding to 29 kg / 365 days = 80 g/day; 
Ci is the metal concentration (mg/kg);
RFdox is the oral reference dose (3 × 10⁻⁴ mg/kg/day, USEPA, 2008); 
Bwx is the average body weight (60 kg);
Atn is the exposure duration (365 days × lifetime expectancy);

If THQ < 1, it indicates a negligible effect on human health.
If THQ > 1, it indicates an adverse effect on human health.

2.8. Data analysis
Data normality and homogeneity of variances were verified using the Shapiro-Wilk test. As the assumptions of normality were not always met, non-parametric Wilcoxon tests were applied to assess differences among categories. Results are reported as p-values ranging from 0 to 1, with a threshold of p ≤ 0.05 considered statistically significant. All statistical analyses were conducted using R software. 
3. RESULTS
3.1. Trace metals in fish t samples
The mean concentrations (mean and standard deviation) of trace metals in Cichlidae and Clariidae tissues are presented in Table 1. The mean levels of detected elements in the muscle tissues of Cichlidae were in the following order: Cd>Pb>Hg. However, in the muscle tissues of Clariidae, the mean concentrations of detected elements were in the following order: Cd>Hg>Pb. The mean concentrations of Cd and Hg were higher in Clariidae than in Cichlidae, whereas Pb showed the opposite trend. Specifically, the mean Cd concentration reached 11,600 µg/kg in Clariidae compared with 7,347.7 µg/kg in Cichlidae. Similarly, the mean Hg concentration was higher in Clariidae (143.33 µg/kg) than in Cichlidae (95 µg/kg). In contrast, the mean Pb concentration was greater in Cichlidae (190 µg/kg) than in Clariidae (93.33 µg/kg), representing a nearly twofold higher in Cichlidae.
[bookmark: _Ref221364648]Table 2. Temporal mean concentrations (µg/kg) of trace metals in fish tissues from the Djoudj National Bird Sanctuary (PNOD) after three campaign, with mean values and standard deviations. nc means not calculated (single value). 
	 Trace metal element
 
	Cichlidae
	Clariidae

	
	Mean
	Std. dev
	Mean
	Std. dev

	Cd
	7347.7
	6386.9
	11600.0
	nc

	Hg
	95.0
	91.9
	143.3
	37.8

	Pb
	190.0
	nc
	93.3
	113.7



Table 2 shows that metal concentrations varied across sampling campaigns and between the two fish families, although these differences were not statistically significant (p > 0.05). Cadmium levels in Cichlidae were high in C1 (11,600 ± 56 µg/kg) and C3 (10,440 ± 149 µg/kg) but very low in C2 (3.1 ± 4 µg/kg). In Clariidae, Cd was not detected in C1 and C2, yet reached 11,600 ± 231 µg/kg in C3, reflecting temporal variability rather than consistent inter-family differences. Mercury in Cichlidae ranged from non-detectable levels in C2 to 160 ± 15 µg/kg in C1 and 30 ± 3 µg/kg in C3, whereas Clariidae showed more consistent levels across campaigns (100 ± 21 µg/kg to 170 ± 45 µg/kg). Lead was detected in Cichlidae only during C2 (190 ± 25 µg/kg), while Clariidae showed measurable levels in C1 (60 ± 7 µg/kg) and C2 (220 ± 62 µg/kg), but none in C3.









[bookmark: _Ref221371992]Table 3. Temporal variations of trace metal concentrations (µg/kg) in fish tissues from the Djoudj National Bird Park (PNOD). nc and nd mean not calculated (single value) and not detected, respectively.
	Family
	Trace metal element
	Campaign
	Mean ± std. dev
	Significance

	Cichlidae
	Cd
	C1
	11600.0 ± 56.0
	p > 0.05
	p > 0.05

	
	
	C2
	3.1 ± 4
	
	

	
	
	C3
	10440.0 ± 149.0
	
	

	
	Hg
	C1
	160.0 ± 15.0
	p > 0.05
	

	
	
	C2
	nd
	
	

	
	
	C3
	30.0 ± 3.0
	
	

	
	Pb
	C1
	nd
	Nc
	

	
	
	C2
	190.0 ± 25.0
	
	

	
	
	C3
	nd
	
	

	Clariidae
	Cd
	C1
	nd
	Nc
	

	
	
	C2
	nd
	
	

	
	
	C3
	11600.0 ± 231.0
	
	

	
	Hg
	C1
	170.0 ± 45.0
	p > 0.05
	

	
	
	C2
	100.0 ± 21.0
	
	

	
	
	C3
	160.0 ± 21.0
	
	

	
	Pb
	C1
	60.0 ± 7.0
	p > 0.05
	

	
	
	C2
	220.0 ± 62.0
	
	

	
	
	C3
	nd
	
	



3.2. Pesticide residues in fish samples
The mean pesticide residue concentrations in fish muscle from PNOD are summarized in Table 3. It is noted that pesticide residues differed between the two fish families, with distinct contamination patterns across chemical groups. In Cichlidae, the highest levels were observed for pyrethroids and organophosphorus compounds, particularly permethrin (8,300.0 µg/kg), profenofos (11,950.0 µg/kg), and deltamethrin (2,920.0 µg/kg). Organophosphates such as dimethoate (505.0 µg/kg) and malathion (200.0 µg/kg) were also detected, while most organochlorines were absent except for DDT (150.0 µg/kg). In contrast, Clariidae showed very high concentrations of pyrethroids, especially permethrin (24,000.0 µg/kg) and deltamethrin (2,175.0 µg/kg), whereas organophosphate levels were comparatively lower, with only dimethoate (210.0 µg/kg) detected. Organochlorine pesticides, including aldrin (170.0 µg/kg) and lindane (40.0 µg/kg), were detected exclusively in Clariidae, while DDT was not detected in this family.






[bookmark: _Ref221372032]Table 4. Temporal mean pesticide residue concentrations (µg/kg) in fish from the Djoudj National Bird Park (PNOD) after three campaign. nc and nd mean not calculated (single value) and not detected, respectively. 
	 
	 
	Cichlidae
	Clariidae

	Chemical group
	Pesticides
	Mean
	Std. dev
	Mean
	Std. dev

	Phenoxy herbicide 
	2-4-D
	40.0
	nc
	Nd
	-

	Organochlorine
	Aldrin
	nd
	-
	170.0
	nc

	Organochlorine
	DDT
	150.0
	-
	Nd
	-

	Pyrethroid
	Deltamethrin
	2920.0
	-
	2175.0
	1647.5

	Organophosphate
	Dimethoate
	505.0
	417.2
	210.0
	nc

	Organochlorine
	Lindane
	nd
	-
	40.0
	nc

	Organophosphate
	Malathion
	200.0
	nc
	Nd
	-

	Pyrethroid
	Permethrin
	8300.0
	nc
	24000.0
	nc

	Organophosphate
	Profenofos
	11950.0
	nc
	Nd
	-



In Table 4, it clearly appears that there is a marked variability across sampling campaigns and between the two fish families, with notable temporal shifts in the dominant compounds. In Cichlidae, contamination was dominated by organophosphate pesticides. Dimethoate reached its highest level in campaign C1 (800.0 ± 31.0 µg/kg) and remained present in C2 (210.0 ± 17.0 µg/kg), while profenofos showed a very high concentration in C2 (11,950.0 ± 29.0 µg/kg). During the third campaign, contamination shifted toward other compounds, 2,4-D (40.0 ± 5.0 µg/kg), DDT (150.0 ± 12.0 µg/kg), malathion (200.0 ± 7.0 µg/kg), and a high concentration of permethrin (8300.0 ± 71.0 µg/kg). Deltamethrin was detected only in C2 (2920.0 ± 271.0 µg/kg). In Clariidae, pesticide occurrence was characterized mainly by pyrethroids and certain organochlorines. Deltamethrin was present in C1 (1010.0 ± 67.0 µg/kg) and peaked in C2 (3340 ± 87), whereas permethrin showed an extremely high concentration in C3 (24,000.0 ± 132.0 µg/kg). Aldrin with 170.0 ± 7.0 µg/kg was detected only in C1, lindane (40.0 ± 3.0 µg/kg) only in C3, and dimethoate (210.0 ± 11.0 µg/kg) only in C2. 












[bookmark: _Ref221372703]Table 5. Temporal variations of pesticide residue concentrations (µg/kg) in fish tissues from the Djoudj National Bird Park (PNOD). nd means not detected.
	Chemical family
	Pesticides
	Cichlidae
	Clariidae

	
	
	C1
	C2
	C3
	C1
	C2
	C3

	Phenoxy herbicide 
	2-4-D
	nd
	nd
	40.0±5.0
	nd
	nd
	nd

	Organochlorine
	Aldrin
	nd
	nd
	nd
	170.0±7.0
	nd
	nd

	Organochlorine
	DDT
	nd
	nd
	150.0±12.0
	nd
	nd
	nd

	Pyrethroid
	Deltamethrin
	nd
	2920.0±271.0
	nd
	1010.0±67.0
	3340.0±87.0
	nd

	Organophosphate
	Dimethoate
	800.0±31.0
	210.0±17.0
	nd
	nd
	210.0±11.0
	nd

	Organochlorine
	Lindane
	nd
	nd
	nd
	nd
	nd
	40.0±3.0

	Organophosphate
	Malathion
	nd
	nd
	200.0±7.0
	nd
	nd
	nd

	Pyrethroid
	Permethrin
	nd
	nd
	8300.0±71.0
	nd
	nd
	24000.0±132.0

	Organophosphate
	Profenofos
	nd
	11950.0±29.0
	nd
	nd
	nd
	nd



3.3. Assessment of potential human health risk due to consumption of Cichlidae and Clariidae
3.3.1. Risk associate with pesticides
Table 6 presents the estimated daily intake (EDI), acceptable daily intake (ADI), and the percentage of risk for pesticide residues detected in the two fish families. In Cichlidae, all calculated health risk index remains below 100%. However, relatively elevated health risk indices were observed for deltamethrin (38.7%), dimethoate (33.4%), malathion (26.5%), and permethrin (21.9%). In contrast, profenofos (1.6%), DDT (1.99%), and 2,4-D (0.26%) showed minimal health risk. Clariidae species showed higher health risk concerns for several compounds. Aldrin presented the highest health risk index (225.1%), exceeding the acceptable daily intake. This was followed by permethrin (63.6%), deltamethrin (28.8%) and dimethoate (13.9%). Lindane with 1.8%, showed the lowest health risk index.


















[bookmark: _Ref221397967]Table 6. Estimated daily intake (EDI) and Acceptable daily intake (ADI) values of pesticides, and health risk index (HRI).
	Cichlidae

	Pesticides
	EDI
	ADI
	Health risk index (HRI) in %

	Profenophos
	15.8
	1000.0
	1.6

	Permethrin
	10.9
	50.0
	21.9

	Deltamethrin
	3.9
	10.0
	38.7

	Dimethoate
	0.7
	2.0
	33.4

	Malathion
	0.3
	1.0
	26.5

	DDT
	0.2
	10.0
	1.9

	2.4-D
	0.05
	20.0
	0.3

	Clariidae

	Permethrin
	31.8
	50.0
	63.56

	Deltamethrin
	2.9
	10.0
	28.8

	Dimethoate
	0.3
	2.0
	13.9

	Aldrin
	0.2
	0.1
	225.11

	Lindane
	0.05
	3.0
	1.76



3.3.2. Risk associate with trace metal 
The target hazard quotient (THQ) values calculated for each metal are summarized in Table 7. The analysis indicates notable differences in the potential health risk associated with heavy trace metal exposure from the consumption of the two fish families. Cadmium showed the highest THQ values in both families, reaching 11.9 in Cichlidae and 18.8 in Clariidae, far exceeding the safety threshold of 1. In contrast, Hg and Pb presented much lower THQ values, all below the critical threshold (THQ < 1). Mercury showed THQ values of 0.1 in Cichlidae and 0.2 in Clariidae, while Pb recorded THQ values of 0.3 in Cichlidae and 0.2 in Clariidae. 
[bookmark: _Ref221455496]Table 7. Target Hazard Quotient (THQ) values for a 60-kg adult. 
	Trace metal element
	
	

	Cadmium
	11.9
	18.8

	Mercure
	0.1
	0.2

	Plomb
	0.3
	0.2








4. DISCUSSION
The results of this study reveal contamination by trace metals and pesticide residues of Cichlidae and Clariidae collected from the Djoudj National Bird Park (PNOD). Although the park holds international conservation status, it is clearly shown that it is not insulated from upstream agricultural pressures. Similar findings have been widely reported in freshwater ecosystems, where agricultural runoff and sediment interactions contribute to the accumulation of metals and pesticides in aquatic food webs (M. M. Ali et al., 2022; Pawan Kumar et al., 2023).
4.1. Trace metal contamination
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Among the trace metals analyzed, Cd was the most problematic contaminant in both fish families. Elevated Cd concentrations in freshwater fish have been reported globally and are commonly linked to fertilizer use, irrigation return flows, and sediment contamination (Briffa et al., 2020a; Jaishankar et al., 2014; Soro et al., 2023). The peak observed during the third sampling campaign, following fertilizer application and drainage strongly suggest a link between agricultural runoff and metal accumulation in the park’s aquatic food web. The higher Cd levels observed in Clariidae may be explained by their benthic feeding behavior, which increases exposure to sediment-bound contaminants (Lee et al., 2024). In contrast, mercury (Hg) and lead (Pb) showed lower concentration values. Nevertheless, the presence of Hg and Pb in all campaigns indicates continuous environmental inputs, possibly through atmospheric deposition, watershed erosion, or agricultural activities. Seasonal variations in concentrations observed across campaigns may also reflect hydrological changes affecting contaminant mobilization and bioavailability (Zhang et al., 2022).
4.2. Pesticide contamination 
Pesticide contamination showed marked temporal variability across sampling campaigns. This pattern appears closely linked to agricultural practices, particularly pesticide application periods and subsequent drainage events. Recent studies have demonstrated that contamination peaks in irrigated systems often coincide with post-application runoff events (Lorenz et al., 2025; Morrison et al., 2025). The predominance of pyrethroid pesticides (permethrin and deltamethrin) and organophosphates (dimethoate and profenofos) reflects the global transition from organochlorine pesticides to newer compounds in agricultural pest control (Carvalho, 2017; Horak et al., 2021). Similar findings were reported by (Affum et al., 2018), who observed that pyrethroids currently dominate pesticide residues detected in freshwater fish from agricultural catchments. Organochlorine pesticides, such as aldrin, DDT and lindane, even decades after their prohibition, were detected in Cichlidae and Clariidae due to their chemical stability and lipophilicity (M. M. Ali et al., 2022; Carvalho, 2017). Their sporadic detection across sampling campaigns may suggest episodic sediment resuspension or localized contamination sources.
4.3. Human health implications 
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]The health risk assessment presents a mixed picture. For most pesticides detected in Cichlidae, the Health Risk Index (HRI) values remained below 100%, suggesting that exposure under the assumed consumption rate may not exceed acceptable daily intake levels. However, aldrin in Clariidae exceeded the acceptable threshold substantially (225%), representing a clear public health concern. More alarming are the THQ values calculated for cadmium, which indicate a significant non-carcinogenic risk for adults consuming these fish regularly. The simultaneous presence of trace metals and pesticide residues in the fish analyzed indicates that consumers are not exposed to a single contaminant but rather to a combination of several substances. Recent toxicological studies suggest that such a situation can produce additive or even synergistic effects, meaning that the overall health impact may be greater than that the effect of each contaminant considered separately (Briffa et al., 2020b; Pawan Kumar et al., 2023). (Zhang et al., 2022) have shown that cadmium may interfere with detoxification mechanisms, potentially increasing the toxicity of certain pesticides when both are ingested together. Long-term dietary exposure to cadmium has been associated with kidney damage, bone disorders, and cardiovascular problems, particularly in communities where fish constitutes an important part of the daily diet (Carvalho, 2017). At the same time, pesticide residues such as permethrin and aldrin, although generally below acute risk thresholds, may still contribute to cumulative exposure because of repeated consumption and their tendency to persist in aquatic environments (Atafar et al., n.d.; Laoye et al., 2025; Ungureanu et al., 2023). The detection of aldrin, a legacy organochlorine pesticide, also highlights the long-lasting environmental persistence of certain compounds, which can remain detectable many years after their restriction (Adnen et al., 2025; Gardes et al., 2021).
5. CONCLUSION
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Overall, this study demonstrates that fish from Senegal’s Djoudj National Bird Park are exposed to measurable levels of trace metals and pesticides, largely linked to upstream agricultural activities. While some risks appear moderate, cadmium and certain persistent pesticides pose tangible threats to both human health and ecosystem stability. These results provide essential baseline data for environmental management and underline the urgent need for integrated strategies that protect both public health and the ecological resilience of this internationally recognized wetland. They also highlight the need for strengthened environmental monitoring in the Senegal River Delta, particularly in areas influenced by irrigated agriculture.
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