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Assessment of Trace metal and Polycyclic Aromatic Hydrocarbon Concentrations in Seabird Eggs and Eggshells from two National Parks in Senegal 





ABSTRACT
	Aims: This study assesses trace metal (Pb, Cd, and Hg) and polycyclic aromatic hydrocarbon (PAH) concentrations in the eggshells and egg contents of royal terns (Thalasseus maximus) and grey-headed gulls (Chroicocephalus cirrocephalus) breeding in two coastal national parks of Senegal and to provide baseline contamination data prior to offshore hydrocarbon exploitation.
Study design:  It was an ecotoxicological field study based on the chemical analysis of seabird eggs collected from protected coastal ecosystems.
Place and Duration of Study: This study was carried out in Langue de Barbarie National Park (PNLB) and Saloum Delta National Park (PNDS) in Senegal.  Sampling was conducted during the breeding season in June 2019.
Methodology: Ten eggs per species were collected in each park. Eggshells and egg contents were analyzed separately. Trace metals (Pb, Cd, and Hg) were quantified using atomic absorption spectrometry, whereas the 16 priority PAHs identified by the US EPA were determined by gas chromatography-mass spectrometry. Quality assurance and quality control procedures included calibration verification and recovery tests. Statistical comparisons were performed using Wilcoxon non-parametric tests.
Results: Lead was the predominant trace metal in all samples, reaching 1.53 ± 0.30 mg/kg dw in royal tern eggshells from PNDS. Cadmium occurred at moderate concentrations, while mercury was detected mainly in egg contents. Royal terns generally exhibited higher trace metal concentrations than grey-headed gulls. Total PAH concentrations were highest in royal tern eggs from PNLB (0.895 mg/kg dw in eggshells and 0.802 mg/kg ww in egg contents) and in grey-headed gull egg contents from PNDS (0.752 mg/kg ww). Benzo(a)pyrene was the dominant PAH in most egg contents. Low-molecular-weight PAHs accumulated preferentially in eggshells, whereas heavier compounds were concentrated in egg contents.
Conclusion: Seabird eggs proved to be effective bioindicators of chemical contamination in Senegalese coastal ecosystems. The detected levels of trace metals and PAHs provide valuable baseline information for future environmental monitoring and impact assessments in the context of expanding offshore oil and gas activities.
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1. INTRODUCTION
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Coastal and estuarine ecosystems are among the most productive and biologically diverse environments worldwide. They provide essential habitats for numerous marine and terrestrial species and support important ecological functions, including nutrient cycling, fisheries production, and biodiversity conservation. Despite their ecological significance, these ecosystems are increasingly exposed to anthropogenic pressures such as urbanization, industrial activities, agricultural runoff, maritime transport, and climate change, all of which contribute to environmental degradation and contamination (Barbier et al., 2011; Duarte et al., 2020; Halpern et al., 2019).
Among environmental contaminants, trace metals have attracted considerable attention because of their persistence, toxicity, and capacity to bioaccumulate in food webs. Elements such as mercury (Hg), cadmium (Cd), lead (Pb), and Polycyclic Aromatic Hydrocarbons (PAHs) are introduced into marine environments through both natural processes and human activities, including mining, industrial emissions, fossil fuel combustion, agriculture, and shipping operations (Motlagh et al., 2025; Uddin & Xu, 2024). Once released, these contaminants can accumulate in sediments and aquatic organisms and may biomagnify across trophic levels, posing risks to wildlife and ecosystem health (Ashkoo et al., 2020; Venkadeshwaran et al., 2025). Exposure to elevated concentrations of these contaminants has been associated with oxidative stress, endocrine disruption, immunosuppression, reproductive impairment, and developmental abnormalities in birds and other marine organisms (Oudi et al., 2019; Sonne et al., 2020).
Seabirds are widely recognized as effective bioindicators of marine pollution because of their high trophic position, longevity, broad foraging ranges, and sensitivity to environmental contaminants (Burger, 2002; Carravieri et al., 2020; Espín et al., 2016; Lopes et al., 2022; Matos et al., 2023). In particular, the analysis of seabird eggs has become a valuable tool for monitoring contaminant exposure. During egg formation, females transfer part of their contaminant burden to the developing egg, making eggs representative indicators of local environmental contamination during the breeding season. Eggshells can also provide useful information on contaminant exposure and potential effects on calcium metabolism and shell formation. Moreover, the collection of abandoned or non-viable eggs offers a non-destructive approach for assessing pollutant levels in protected bird populations (Burger, 2002; Carravieri et al., 2020; Espín et al., 2016; Lopes et al., 2022; Matos et al., 2023).
In Senegal, the Saloum Delta National Park (PNDS) and the Langue de Barbarie National Park (PNLB) constitute two major coastal protected areas of international importance. These wetlands host large breeding colonies of seabirds and play a crucial role in the conservation of resident and migratory species in West Africa. Although protected, both parks are influenced by increasing anthropogenic activities occurring within and around their boundaries, including urban development, agriculture, fishing activities, tourism, and waste discharge, all of which may contribute to the introduction of contaminants into local ecosystems (Jones et al., 2018).
In addition, Senegal has recently entered a new phase of offshore oil and gas exploitation with the development of major projects such as Sangomar and Grand Tortue Ahmeyim (GTA). While these projects offer important economic opportunities, they also raise concerns regarding potential contamination of marine environments through operational discharges, accidental spills, and increased maritime activities (Morea, 2023; Ukpene et al., 2024). Establishing pre-development baseline information on contaminant levels is therefore essential for future environmental monitoring and impact assessments.
In this context, the present study aimed to assess trace metal and PAH concentrations in seabird eggs and eggshells collected from royal terns and grey-headed gulls breeding in the Saloum Delta National Park and the Langue de Barbarie National Park. Using samples collected in 2019, prior to the onset of offshore hydrocarbon production, this work provides baseline data on trace metal contamination in two of Senegal’s most important coastal protected areas. The results contribute to understanding current contaminant exposure in seabird populations and provide a valuable reference framework for future assessments of environmental change and anthropogenic impacts along the Senegalese coast.
2. material and methods 
2.1 Study Areas
2.1.1 Langue de Barbarie National Park
Located in northwestern Senegal, Langue de Barbarie National Park spans approximately 2,000 hectares along the Atlantic coast, at the mouth of the Senegal River (Fig. 1). The park encompasses a narrow sandy peninsula, known as the Langue de Barbarie, as well as several lagoons, salt flats, and part of the river estuary. This site forms a dynamic coastal ecosystem at the confluence of marine and fluvial influences and has been designated a Ramsar site in recognition of its high ecological value. One of the park’s key features is the Îlot aux Oiseaux (Bird Islet), a small island of around 1.5 hectares that plays a vital role in the breeding of colonial waterbirds. It regularly hosts several nesting species, including the royal tern (Thalasseus maximus) and the grey-headed gull (Chroicocephalus cirrocephalus) (van Roomen et al., 2025).
[image: ]
Fig. 1: Localization of the Langue de Barbarie National Park and the seabirds breeding area.
  
2.1.2 Saloum Delta National Park
Situated along the central-west Atlantic coast of Senegal, near the Gambian border, Saloum Delta National Park covers approximately 73,000 hectares. It includes the deltas of the Saloum, Diombos, and Bandiala rivers, forming a vast and intricate network of tidal channels (bolongs), mangroves, lagoons, salt flats (tannes), mudflats, and scattered sandy islands (Fig. 2). Renowned for its exceptional biodiversity, the park holds multiple international designations: Biosphere Reserve, Ramsar site, and UNESCO World Heritage Site. It is recognized as one of the most important breeding areas for colonial waterbirds in West Africa. Among its key features is the offshore Île aux Oiseaux, a critical nesting site for several coastal species, including the royal tern (Thalasseus maximus) and the grey-headed gull (Chroicocephalus cirrocephalus) (van Roomen et al., 2025).
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Fig. 2: Localization of the Delta du Saloum National Park and the seabirds breeding area. 

2.2 Sample collection 
Sampling focused exclusively on eggs of the two-target species. For each species, ten eggs were collected in each park (PNLB and PNDS) during June 2019, which corresponds to the breeding season. Eggs were collected directly from nesting sites with special care taken to minimize disturbance to bird colonies (Fig. 1 and 2). Immediately after collection, the eggs were placed in insulated polystyrene coolers with ice to preserve their integrity during transport to the laboratory.

2.3 Chemical analysis
Analyses were performed on both egg contents and shells to assess the possibility of pollutant elimination through the eggshells.

2.3.1 Trace metals
For atomic absorption spectrometry (AAS110) calibration, analytical standards of Pb, Cd, and Hg were used. For each sample (content and shell), 0.5 g was digested using 15 mL of 65% nitric acid, 3 mL of hydrochloric acid, and 0.5 mL of perchloric acid in Pyrex volumetric flasks, along with 6 mL of 1% nitric acid. The digested solutions were diluted to 50 mL with acidified water (0.1 N), and metal concentrations were measured using graphite furnace AAS (AAS110). Mercury was quantified using cold vapor atomic absorption spectrometry (CV-AAS110). Calibration solutions were prepared for each metal, and fortified sample were used to calculate recovery rates, with spike concentrations within the calibration range. All concentrations are expressed in mg/kg (wet weight (ww) for egg contents and dry weight (dw) for eggshells). La limite de quantification (LOQ) pour le Pb, le Cd, et le Hg est respectivement of 0.05, 0.005, and 0.01 mg/kg.


2.3.2 Polycyclic Aromatic Hydrocarbons (PAHs)
The priority PAHs identified by the US EPA were extracted from homogenized egg contents and shells using a modified QuEChERS protocol (AOAC), as described by Pule et al. (2012). Extracts were analyzed using gas chromatography-mass spectrometry (GC/MS) on a Varian model 1200 system, 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 of 1 mL/min. PAH quantification was performed using selective reaction monitoring (SRM). All reagents and standards were provided by Sigma-Aldrich.

2.3.3 Quality Assurance and Quality Control
A comprehensive quality assurance and quality control (QA/QC) protocol was implemented to ensure the accuracy, precision, and reliability of trace element and polycyclic aromatic hydrocarbon (PAH) analyses. For PAHs, analytical accuracy was assessed using three test samples prepared from a homogenized reference material. One sample was fortified with 1 µL of a PAH standard solution (2,000 µg/mL), whereas the remaining two samples were left unspiked. Recovery rates were subsequently calculated and ranged from 85% to 97%, indicating satisfactory method performance. For trace element analyses, multi-element calibration curves were established using certified single-element standard solutions (SCP Science). Instrument stability, calibration accuracy, and analytical precision were monitored throughout the analytical sequence by injecting calibration verification standards after every three samples. The resulting recoveries ranged from 81% to 95%, confirming the reliability and robustness of the analytical procedure.

2.4 Statistical analysis
Data normality and homogeneity of variances were verified using the Shapiro-Wilk and Levene’s tests, respectively. 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.

3. results
3.1 Trace metals in eggshells and egg contents
At PNLB, trace element concentrations in both eggshells and egg contents reveal significant lead (Pb) contamination in both studied species (Figure 3). In royal terns, eggshells exhibited relatively high Pb levels, averaging 1.38 ± 0.1 mg/kg dw, followed by cadmium (Cd) at 0.52 ± 0.02 mg/kg dw and mercury (Hg) at 0.05 ± 0.01 mg/kg dw (Figure 3a). In the egg contents, Pb concentrations were more than twice as low (0.53 ± 0.04 mg/kg ww) compared to those in the shells (Figure 3b). Cd concentrations in the contents (0.54 ± 0.06 mg/kg ww) were similar to those in the shells, while Hg levels were considerably higher in the contents. In the grey-headed gull, similar trends were observed (Figure 3b). Pb was the most abundant element in the eggshells (0.78 ± 0.3 mg/kg dw), followed by the contents (0.36 ± 0.03 mg/kg ww). Slight variations were recorded for Cd, with 0.29 ± 0.01 mg/kg dw in the shells and 0.23 ± 0.02 mg/kg ww in the contents. Mercury was quantified only in the egg contents

At PNDS, Pb concentrations in royal tern eggs reached 1.53 ± 0.3 mg/kg dw in the shells and 1.35 ± 0.1 mg/kg ww in the contents (Figure 4a). Cd was detected at moderate levels (0.35 ± 0.05 mg/kg dw in shells, 0.31 ± 0.02 mg/kg ww in contents). Mercury was absent from the eggshells but present in the contents (0.31 ± 0.03 mg/kg ww). In grey-headed gulls, Pb concentrations were also notable (0.79 ± 0.2 mg/kg dw in shells, 0.27 ± 0.03 mg/kg ww in contents) (Figure 4b). Cd was barely quantifiable in the shells (0.12 ± 0.01 mg/kg dw) and not observed in the contents. Mercury was not quantifiable in both matrices.
[image: ]
Fig. 3: Concentrations of Pb, Cd, and Hg in eggshells and egg contents from PNLB. (a)-royal tern and (b)-grey-headed gull. nd means not quantifiable. The error bars are the standard deviations. 

[image: ]
Fig. 4: Concentrations of Pb, Cd, and Hg in eggshells and egg contents from PNDS. (a)-royal tern and (b)-grey-headed gull. The error bars are the standard deviations.

Royal terns consistently exhibited higher concentrations of heavy metals than grey-headed gulls across all sites and sample types, with significant differences observed in egg contents but not in eggshells (Table 1). This pattern was most pronounced for lead (Pb), with concentrations in both eggshells and contents being 1.4-2 times higher in royal terns than in grey-headed gulls. A similar, though less marked, trend was observed for Cd, concentrations were comparable between species at PNLB but lower in gulls at PNDS. Mercury (Hg) occurred at generally low levels but showed a tendency to accumulate preferentially in egg contents, particularly in royal terns. Spatially, no significant inter-site differences were detected overall. However, Pb concentrations were higher at PNDS, especially in royal terns, whereas Cd levels were slightly elevated at PNLB. Mercure was not quantifiable in any eggshells from PNDS. 

Table 1: Results of statistical tests performed on heavy metal concentrations measured in the shells and contents of royal tern and grey-headed gull eggs.
	Comparison
	Significance

	Eggshells of royal tern: PNLB vs PNDS
	p > 0.05

	Egg contents of royal tern: PNLB vs PNDS
	p > 0.05

	Eggshells of grey-headed gull: PNLB vs PNDS
	p > 0.05

	Egg contents of grey-headed gull: PNLB vs PNDS
	p > 0.05

	Eggshells: Royal tern vs Grey-headed gull 
	p > 0.05

	Egg contents: Royal tern vs Grey-headed gull
	p < 0.05

	Royal tern: Eggshells vs Egg contents
	p > 0.05

	Grey-headed gull: Eggshell vs Egg contents
	p > 0.05


3.2 PAHs in eggshells and egg contents
In royal terns, eggshells collected at PNLB showed high levels of PAHs, with total concentrations reaching 895 mg/kg dw (Table 2). The most abundant compounds included fluorene (0.189 ± 0.025 mg/kg dw), naphthalene (0.142 ± 0.022 mg/kg dw), anthracene (0.116 ± 0.014 mg/kg dw), and two heavy PAHs, benzo(a)anthracene (0.094 ± 0.009 mg/kg dw) and benzo(a)pyrene (0.094 ± 0.013 mg/kg dw). Egg contents also showed high contamination (0.802 mg/kg ww), strongly dominated by benzo(a)pyrene (0.739 ± 0.087 mg/kg ww).

Table 2: Concentrations (mean ± standard deviation) of PAHs in eggshells and egg contents in mg/kg from PNLB. nd means not quantifiable.
	
PAH
	Eggshells of royal tern
	Egg content of royal tern
	Eggshells of grey-headed gull
	Egg content of grey-headed gull

	Naphtalene
	0.142±0.022
	nd
	0.021±0.002
	nd

	Acenaphtylene
	0.016±0.003
	nd
	0.019±0.003
	nd

	Acenaphthene
	0.013±0.005
	nd
	0.024±0.001
	nd

	Fluorene
	0.189±0.025
	nd
	0.029±0.003
	nd

	Phenanthrene
	0.019±0.004
	nd
	0.030±0.007
	nd

	Anthrancene
	0.116±0.014
	0.043±0.007
	0.071±0.011
	0.037±0.007

	Fluorenthene
	71±10.4
	0.020±0.002
	0.075±0.008
	0.022±0.003

	Pyrene
	0.051±0.008
	nd
	0.013±0.001
	nd

	Benz[a]anthrancene
	0.094±0.009
	nd
	0.024±0.003
	0.011±0.001

	Chrysene
	0.045±0.008
	nd
	nd
	nd

	Perylene
	0.018±0.003
	nd
	nd
	nd

	Bnezo[b]fluoranthene
	0.014±0.004
	nd
	nd
	nd

	Benzo(k)fluoranthene
	nd
	nd
	18±
	nd

	Benzo(a)pyrene
	0.094±0.013
	0.739±0.087
	0.072±0.005
	0.082±0.007

	Dibenz[a,h]anthrancene
	nd
	nd
	nd
	nd

	Benzo(g,h,i)perylene
	0.013±0.001
	nd
	0.016±0.003
	nd

	Ieno(1,2,3c,d)pyrene
	nd
	nd
	nd
	nd

	

	0.895
	0.802
	0.412
	0.152



In grey-headed gulls, the total PAH concentration in eggshells was 412 mg/kg dw, primarily composed of benzo(a)pyrene (0.072 ± 0.005 mg/kg). The egg contents were less contaminated (0.152 mg/kg ww) but still contained 0.082 ± 0.007 mg/kg ww of benzo(a)pyrene.

PAH concentrations in royal terns from PNDS were generally lower than those observed at PNLB (Table 3). Eggshells contained 0.386 mg/kg dw of PAHs, with notable concentrations of fluorene (0.073 ±0.008 mg/kg dw), acenaphthene (0.042 ±0.008 mg/kg dw), and benzo(a)pyrene (0.067 ±0.008 mg/kg dw) (Table 3). Egg contents showed lower overall contamination (0.123 mg/kg ww), with benzo(a)pyrene reaching 0.088 ±0.010 mg/kg ww. In contrast with PNLB, grey-headed gulls at PNDS exhibited high PAH contamination, particularly in the egg contents, which reached 0.752 mg/kg ww, largely dominated by benzo(a)pyrene (0.706 ±0.087 mg/kg ww). Shells were also highly contaminated (0.537 mg/kg dw), with notable levels of anthracene (0.105 ±0.013 mg/kg dw) and fluorene (0.111±0.024 mg/kg dw).

The analysis of biological matrices revealed marked interspecific differences, although these were not statistically significant (Table 4). Royal terns generally accumulated higher levels of PAHs in their eggshells, whereas grey-headed gulls exhibited higher concentrations in the egg contents. No significant differences were observed between sites (PNLB vs PNDS) for either species or matrix. However, within each species, significant differences were detected between eggshells and egg contents (p < 0.05), indicating a differential distribution of PAHs between these compartments. Geographically, PNLB exhibited the highest PAH concentrations in royal terns, both in shells (0.895 mg/kg) and contents (0.802 mg/kg). Conversely, at PNDS, grey-headed gull eggs showed the highest PAH levels, particularly in the contents (0.752 mg/kg ww), with a marked predominance of benzo(a)pyrene (0.706 mg/kg ww).





Table 3: Concentrations (mean ± standard deviation) of PAHs in eggshells and egg contents in mg/kg from PNDS. nd means not quantifiable. 
	PAH
	Eggshells of Royal Tern
	Egg content of Royal Tern
	Eggshells of Grey-headed Gull
	Egg content of Grey-headed Gull

	Naphtalene
	0.040±0.006
	nd
	0.094±0.007
	nd

	Acenaphtylene
	0.027±0.003
	nd
	0.029±0.005
	nd

	Acenaphthene
	0.042±0.008
	nd
	0.01±0.001
	nd

	Fluorene
	0.073±0.008
	nd
	0.111±0.024
	nd

	Phenanthrene
	0.031±0.0021
	nd
	0.015±0.0.001
	nd

	Anthrancene
	0.021±0.002
	0.025±0.003
	0.105±0.013
	0.034±0.004

	Fluorenthene
	0.020±0.002
	0.010±0.001
	0.054±0.006
	0.012±0.001

	Pyrene
	0.014±0.002
	nd
	0.018±0.003
	nd

	Benz[a]anthrancene
	0.013±0.001
	nd
	0.015±0.003
	nd

	Chrysene
	nd
	nd
	nd
	nd

	Perylene
	nd
	nd
	nd
	nd

	Bnezo[b]fluoranthene
	nd
	nd
	nd
	nd

	Benzo(k)fluoranthene
	0.011±0.002
	nd
	nd
	nd

	Benzo(a)pyrene
	0.067±0.008
	0.088±0.010
	0.073±0.006
	0.706±0.087

	Dibenz[a,h]anthrancene
	nd
	nd
	nd
	nd

	Benzo(g,h,i)perylene
	0.015±0.002
	nd
	0.013±0.001
	nd

	Ieno(1,2,3c,d)pyrene
	0.012±0.002
	nd
	nd
	nd

	

	0.386
	0.123
	0.537
	0.752


Table 4: Results of statistical tests performed on HAP concentrations measured in the shells and contents of royal tern and grey-headed gull eggs. 
	Comparison
	Significance

	Eggshells of royal tern: PNLB vs PNDS
	p > 0.05

	Egg contents of royal tern: PNLB vs PNDS
	p > 0.05

	Eggshells of grey-headed gull: PNLB vs PNDS
	p > 0.05

	Egg contents of grey-headed gull: PNLB vs PNDS
	p > 0.05

	Eggshells: Royal tern vs Grey-headed gull 
	p > 0.05

	Egg contents: Royal tern vs Grey-headed gull
	p > 0.05

	Royal tern: Eggshells vs Egg contents
	p < 0.05

	Grey-headed gull: Eggshell vs Egg contents
	p < 0.05



4. DISCUSSION
The results of this study reveal contamination by trace elements (Pb, Cd, Hg) and polycyclic aromatic hydrocarbons (PAHs) in the eggs of royal terns (Thalasseus maximus) and grey-headed gulls (Chroicocephalus cirrocephalus) from two distinct sites (PNLB and PNDS). These findings align with growing evidence that seabirds serve as effective bioindicators of marine pollution due to their high trophic positions, long lifespans, and site fidelity (Burger & Gochfeld, 2004; Carravieri et al., 2020; Espín et al., 2016; Lopes et al., 2022). Recent studies have emphasized the role of seabirds in tracking spatiotemporal trends in environmental contaminants, particularly in coastal ecosystems under anthropogenic pressure (Cipro et al., 2018; Power et al., 2021).
4.1 Trace metal contamination levels
In royal terns, Pb concentrations reached 1.53 ± 0.3 mg/kg in eggshells and 1.35 ± 0.1 mg/kg in egg contents at PNDS, with similarly elevated levels recorded at PNLB (1.38 mg/kg and 0.53 mg/kg, respectively). These values are concerning, as several studies have shown that high Pb concentrations in egg contents can induce embryotoxic effects in seabirds (Dauwe et al., 2005; Orłowski et al., 2019). Cadmium was detected at moderate levels, with relatively consistent accumulation in both matrices at PNLB, but lower values in grey-headed gulls at PNDS, possibly reflecting ecological or dietary differences between the species (Jerez et al., 2013). Although Hg was detected at low levels, it was primarily found in egg contents, likely due to its affinity for embryonic tissues (Burger, 2002). Its absence in the eggshells at PNDS may indicate either different chemical speciation or a shorter duration of exposure. These concentrations are moderate to high compared with other African studies. In South Africa, Pb, Cd, and Hg concentrations of 0.0031 mg/kg, 0.17 mg/kg, and 0.18 mg/kg, respectively, were reported in lesser flamingo eggs (van Roomen et al., 2025). However, the levels measured in this study remain lower than those reported outside Africa. Pb concentrations approaching 0.2 mg/kg have been found in herring gull eggs in the New York/New Jersey Harbor Estuary (Burger & Elbin, 2015), and Hg levels exceeding 0.5 µg/kg have been measured in seabird colonies in Alaska (Ackerman et al., 2016). In the Persian Gulf, (Ashkoo et al., 2020) reported 0.13 ± 0.05 mg/kg of Cd and 2.47 ± 1.62 mg/kg of Hg in the eggs of greater crested terns, while lesser crested tern eggs contained 0.34 ± 0.26 mg/kg of Cd and 5.36 ± 3.72 mg/kg of Hg.

4.2 PAH contamination levels
At PNLB, royal terns exhibited particularly high PAH concentrations in both eggshells (895 mg/kg) and egg contents (802 mg/kg), with benzo(a)pyrene identified as the dominant compound. This PAH is well known for its mutagenic and teratogenic effects in vertebrates, even at low concentrations (Hao et al., 2021; Hoffman & Gay, 1981). Conversely, at PNDS, grey-headed gulls showed the highest levels of PAH contamination, particularly in egg contents (752 mg/kg), where benzo(a)pyrene accounted for 706 mg/kg. These interspecific differences may reflect contrasting foraging behaviors (e.g., feeding grounds, prey types) or differing maternal detoxification strategies (Verreault et al., 2005). Such elevated concentrations suggest chronic exposure to local pollution sources, potentially linked to maritime traffic, agricultural burning, and plastic debris accumulation. The PAH levels observed in seabird eggs in this study are generally higher than those reported from other regions. Lower concentrations (0.01 to 0.07 mg/kg) have been reported in the Canadian Arctic (Verreault et al., 2005). In Iran, concentrations in Dromas ardeola and Egretta gularis eggs reached 0.217 mg/kg and 0.375 mg/kg, respectively (Bayat et al., 2020). (Power et al., 2021) found PAH concentrations ranging from 0.0008 to 0.208 mg/kg in guillemot, gannet, Arctic tern, and common tern eggs in Ireland, with naphthalene as the dominant compound. In black-tailed gull eggs collected in the Republic of Korea, concentration ranged of 0.134–0.231mg/kg for total PAHs (Chung et al., 2022). 

4.3 Potential sources of pollution
The elevated levels of both ETMs and PAHs observed in seabird eggs suggest sustained and potentially diverse contamination sources around the breeding sites. At PNLB, the proximity to major shipping routes and artisanal fishing harbors increases the likelihood of hydrocarbon leaks and anti-fouling paint residues, both known to contain heavy metals such as Pb, as well as PAHs (Ackerman et al., 2016; Scheuhammer, 1987; Ytreberg et al., 2020). In addition, the Saloum Delta is characterized by intense pirogue traffic, supporting artisanal fisheries and inter-island transportation. These wooden motorized boats frequently use low-grade fuel and lubricants, which may leak or be discharged into the water, contributing significantly to localized hydrocarbon contamination and combustion-derived PAHs. Similarly, at PNDS, the coastal zone of Saint-Louis supports a dense fishing community with heavy reliance on motorized pirogues. Fuel spills during engine maintenance, oil discharges, and proximity to fish landing sites can lead to increased input of petroleum-based pollutants, including PAHs and trace metals, particularly in sheltered estuarine waters. This fishing-related activity adds to existing sources such as domestic wastewater discharge, landfill runoff, and untreated industrial effluents. The region’s extensive use of open-field burning for agricultural waste and mangrove wood harvesting can also release PAHs and mobilize trace metals into the estuarine system (Manoj & Padhy, 2014). Furthermore, sediment resuspension during tidal cycles could reintroduce legacy contaminants into the food web. The consistent detection of benzo(a)pyrene as a dominant PAH in egg contents points to pyrogenic origins, typically associated with incomplete combustion of fossil fuels and biomass. The accumulation of plastic debris, increasingly documented in West African marine environments, may also act as a secondary vector for both PAHs and trace metals through sorption and ingestion by prey species (Diansyah et al., 2024). Overall, the contamination patterns observed in seabird eggs likely reflect a combination of point-source discharges and diffuse, chronic inputs related to human activity across both marine and terrestrial interfaces.

4.4 Eggshell and egg content contamination levels comparison
Eggshells generally accumulated higher concentrations of lead (Pb) and cadmium (Cd) than egg contents, particularly in royal terns, as observed in other bird species (Dauwe et al., 2005; Orłowski et al., 2019). This phenomenon is well-documented (Burger, 2006; Pain et al., 2019) and is attributed to the passive incorporation of metals during eggshell formation, when females mobilize mineral reserves. Calcium in the shell can bind metallic cations, especially those with strong affinity for calcareous matrices (Dudev et al., 2003). In contrast, mercury (Hg) was primarily detected in egg contents, consistent with its strong affinity for protein- and lipid-rich tissues. This distribution pattern, confirmed in earlier studies (Ashkoo et al., 2020; Monteiro & Furness, 1995), reflects active maternal transfer via the bloodstream to the developing yolk. More recently, (Carravieri et al., 2020) demonstrated that this mechanism is particularly effective for methylmercury (MeHg), which is common in marine food webs. Unlike trace metals, PAHs displayed mixed or inverted trends depending on the compound and species. Low molecular weight PAHs (e.g., naphthalene, fluorene) tended to accumulate more in eggshells, possibly due to their affinity for lipids in the shell membranes or passive diffusion through external tissues (Syakti et al., 2018). Conversely, high molecular weight PAHs such as benzo(a)pyrene, known for its toxicity and carcinogenicity, were consistently found at much higher concentrations in egg contents. This pattern suggests active maternal transfer via the circulatory system to the yolk, where these compounds accumulate in lipid-rich fractions (Ricolfi et al., 2024). 

5. Conclusion

This study highlights differential contamination of royal tern and grey-headed gull eggs by trace elements (Pb, Cd, Hg) and polycyclic aromatic hydrocarbons (PAHs) in two coastal national parks of Senegal, the Langue de Barbarie National Park (PNLB) and the Saloum Delta National Park (PNDS). The results reveal significant bioaccumulation of lead (Pb) across all matrices, particularly in eggshells, and a specific presence of mercury (Hg) in egg contents, confirming distinct pathways of contaminant transfer. Regarding PAHs, light compounds were more concentrated in the eggshells, while heavier PAHs such as benzo(a)pyrene were predominantly found in the egg contents, highlighting active lipid-mediated maternal transfer. Beyond providing a baseline reference prior to offshore hydrocarbon exploitation in Senegal, these findings underscore the value of seabird eggs as sensitive bioindicators of environmental contamination. They also call for strengthened monitoring efforts and integrated management strategies in protected coastal areas to mitigate the impacts of chemical pollutants on biodiversity and ecosystem health. However, this study presents certain limitations, including a relatively small sample size, a single sampling period, and the absence of environmental matrices such as sediments or prey species, which restricts the ability to identify precise contamination sources. Additionally, mercury speciation and biological effect assessments were not performed, limiting the evaluation of toxicological impacts on seabird reproduction.
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