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A B S T R A C T

Multiple factors, including pollutants, have contributed to the decline of the European eel (Anguilla anguilla 
L.1758) in recent decades. Heavy metals are toxic to marine organisms, yet limited data are available on their 
occurrence in eels in the Mediterranean region. In this context, muscle, kidney, and liver tissues from 118 Eu
ropean eels collected in four wetlands in southeastern Spain were analysed for cadmium (Cd), lead (Pb), and 
mercury (Hg), and an Individual Mean Bioaccumulation Index (IMBI) was calculated.

Mercury was detected in all samples and Pb in all liver samples. The presence of Pb in muscle and kidney, as 
well as the presence of Cd in all tissues, varied between wetlands. Metal concentrations differed both between 
wetlands and among tissues (e.g. higher Cd in kidneys and higher Pb in liver), whereas eel developmental stage 
and weight were not significant factors. Some eels showed muscle metal concentrations above the legal limit. The 
sampling site was the main factor influencing IMBI values, with renal IMBI being the most informative tissue- 
specific index, thus turning IMBI into a useful relative indicator of metal bioaccumulation patterns among 
wetlands. Wetland bioaccumulation profiles differed even within the same geographical region. No clear link was 
found between chemical pollution and the ecological quality of wetlands, but metal distribution and bio
accumulation patterns indicated chronic exposure. These findings highlight the urgent need to incorporate 
specific monitoring and pollution control strategies for each wetland into eel management plans.

1. Introduction

The European eel (Anguilla anguilla L.1758) is classified as ‘critically 
endangered’ by the International Union for Conservation of Nature (Pike 
et al., 2020). Fisheries data indicate that this species has been in con
stant decline since the 1960s, with a strong decrease over the last three 
decades (Dekker, 2003) and recent ICES reports continue to highlight its 
vulnerability across many regions (ICES, 2022b). Several factors have 
contributed to the decline in eel recruitment and population levels (Pike 
et al., 2020). Global warming has been identified as one of the main 
causes of this situation, as it has altered ocean currents (Castonguay 
et al., 1994; Friedland et al., 2007; Zenimoto et al., 2009). However, 
other factors that negatively affected eel population levels included 
habitat fragmentation, parasites, infectious diseases, and pollution 

(Belpaire et al., 2009; ICES, 2018; Kettle et al., 2008).
The presence of heavy metals in Mediterranean marine species has 

been documented for decades. According to Delgado-Suarez et al. 
(2023), the Mediterranean ranks among the world's most polluted ma
rine environments, with cadmium (Cd), lead (Pb) and mercury (Hg) 
traditionally considered the most concerning heavy metals from both 
environmental and food safety perspectives. For this reason, numerous 
studies continue to examine concentrations of these metals in diverse 
marine species —from macroalgae to dolphins— including commer
cially consumed species such as bluefin tuna (Belmonte et al., 2021, 
2024; Bonanno and Orlando-Bonaca, 2018; Martínez-López et al., 
2019). Commercial fishing of European eel is allowed in a limited way in 
certain Spanish Mediterranean areas, such as Valencia and Murcia, but 
prohibited in others, such as the Balearic Islands, under strict EU 

* Corresponding author at: Sanidad Animal, Facultad de Veterinaria, Campus Regional de Excelencia Internacional Campus Mare Nostrum, Universidad de Murcia, 
30100, Murcia, Spain.

E-mail address: pilarmun@um.es (P. Muñoz). 
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regulations. Nevertheless, conservation challenges persist across these 
areas, exacerbated by the lack of data on heavy metal presence in eel 
tissues used for consumption (muscle) or unused (liver and kidney) in 
some cases.

Cadmium, Pb and Hg are highly toxic elements with strong bio
accumulative and biomagnifying properties, adversely affecting marine 
organism tissues (Abadin et al., 2007; Al Mazed et al., 2022; Faroon 
et al., 2013; Lee et al., 2019; Liu et al., 2022; B. Yüksel et al., 2025). All 
three are listed among the top substances on the Substance Priority List 
from the Agency for Toxic Substances and Disease Registry (ATSDR, 
2024). Although naturally present in the environment —volcanic 
eruptions, weathering, and soil formation— their accumulation to toxic 
concentrations is mainly anthropogenic (Hernández Crespo, 2014), and 
their presence in marine ecosystems has increased recently (Zaynab 
et al., 2022).

Cadmium occurs at trace levels in aquatic environments but is 
commonly associated with industrial (mining, chemical industry) and 
agricultural activities (phosphate fertilizers, pesticides, waste treat
ment), which release it at elevated concentrations (Lee et al., 2024). 
Lead originates mainly from industrial activities, including ore pro
cessing, smelting, cement production, coal and gasoline combustion, 
batteries, paints, as well as agricultural sources (runoff, phosphate fer
tilizers, pesticides), and wastewater discharges (Hernández Crespo, 
2014; Simangunsong et al., 2024).

Mercury is a highly toxic element naturally present in the environ
ment (volcanic emissions, hydrothermal activity, weathering), although 

its dominant inputs derive from human activities (mining, metal pro
duction, fossil fuel combustion, historical discharges) (Cinnirella et al., 
2019; Geyman et al., 2025). For decades, Hg concentrations in Medi
terranean fish were reported to be higher than in other seas and oceans 
(Bacci, 1989; Bernhard and Renzoni, 1977; Cossa et al., 2012; Lahaye 
et al., 2006), although more recent studies suggest comparable levels to 
those in the North Atlantic Ocean (Bowman et al., 2015; Cossa et al., 
2009; Kotnik et al., 2007). Regardless of environmental levels, Hg 
readily bioaccumulates and biomagnifies in aquatic food chains as 
methylmercury, particularly in fish, constituting the main pathway of 
human exposure (Al Mazed et al., 2022; Chételat et al., 2020).

Consequently, concerns persist regarding the safety of consuming 
fish that bioaccumulate trace metals, particularly Hg and Pb, among 
vulnerable human populations. This issue is especially critical for 
pregnant women, since the placenta does not effectively protect the 
foetus from maternal Pb exposure (Yüksel et al., 2016) nor from Hg, 
which has been demonstrated to transfer from maternal blood to the 
placenta and foetal cord blood (Yüksel et al., 2017a). Maternal exposure 
to Pb and, more notably, to Hg, entails serious neurological, develop
mental and cognitive risks to the foetus, as well as risks of abortion, 
premature birth and prenatal death (Yüksel et al., 2016; Yüksel et al., 
2022). Furthermore, Pb exposure likely represents a health hazard for 
patients with β-thalassemia, who have been found to exhibit iron defi
ciency associated with higher blood Pb levels (Yüksel et al., 2017b).

According to the International Council for the Exploration of the Sea 
(ICES, 2022a), data on the status of the eel population in its various 

Fig. 1. Location of the four Spanish Mediterranean wetlands studied.
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distribution areas remain incomplete. The present study therefore pro
vides data on the concentration of these three heavy metals in European 
eel tissues from four Mediterranean areas, which may be considered in 
the European Eel Quality Database from the EIFAAC/ICES Working 
Group on Eels (WGEEL).

2. Material and methods

2.1. Sampling area

Eels were obtained from four Spanish Mediterranean ecosystems of 
great ecological value: (i) L'Albufera de Valencia Natural Park (AV); (ii) 
El Hondo-Salinas de Santa Pola Natural Park (EH-SP); (iii) S'Albufereta 
Natural Reserve (ANR) and (iv) S'Albufera des Grau Natural Park (AG) 
(Fig. 1). These brackish water wetlands are considered Special Protec
tion Areas for Birds (AV, EH-SP), Sites of Community Interest (AV, ANR, 
AG), Natura 2000 Areas (AV, ANR, AG) and meaningful wetlands under 
the RAMSAR convention (AV, EH-SP, ANR), although they are subject to 
varying levels of anthropogenic pressure and pollution (Pérez-Vegas 
et al., 2023). Briefly, the AV is a hypertrophic wetland with the lowest 
water salinity (1–2 practical salinity units, PSU) among the four eco
systems analysed. Despite its overall status being ‘worse than good’, its 
ecological status is considered ‘bad’, mainly due to nutrient enrichment 
and phytosanitary inputs from urban and agricultural sources (CHJ, 
2023). The EH-SP ecosystem comprises two interconnected wetlands, 
which are linked by an extensive canal system. This highly eutrophic, 
semi-artificial wetland (8.5–9.4 PSU) receives constant discharges from 
the surrounding agricultural areas, and its water ecological status has 
been assigned a ‘bad’ (CHS, 2023). The ANR is an ecologically important 
ecosystem located on Mallorca Island (3.27–3.78 PSU). It currently has a 
‘moderate’ ecological status, with the main pressures arising from 
sewage effluents and seepage from septic tanks (Govern de les Illes 
Balears, 2024). The AG is a mesohaline wetland located on Menorca 
Island with a salinity of 6–20 PSU that fluctuates seasonally. Although 
its ecological status is ‘good’ or ‘very good’, the wetland periodically 
faces stress from reduced freshwater inputs and slurry discharges 
(Govern de les Illes Balears, 2024).

2.2. Sampling

Between December 2019 and March 2020, 118 European eels were 
either purchased from local fishermen in AV (n = 30) and EH-SP (n = 25) 
or caught using traditional fishing methods in EH-SP (n = 5), ANR (n =
28) and AG (n = 30). The eels were euthanized by sedation followed by 
an overdose of tricaine methanesulfonate (MS222) at 100 mg L− 1, in 
accordance with the current legislation. Eels were then dissected and 
total length (to the nearest mm) and weight (total and eviscerated, to the 
nearest gram) were measured (Table S1 of Supplementary material). At 
least two observers applied a multi-criteria methodology to classify eels 
into three stages of development: yellow eels, silver eels, and eels in the 
intermediate stage between yellow and silver, which were referred to as 
‘silvering eels’ (Acou et al., 2005; Barcala et al., 2022; Bereziuk et al., 
2025). Finally, approximately 1–1.5 g of muscle (taken from the area 
4–5 cm behind the anal cavity), kidney and liver were obtained and 
stored at − 20 ◦C until processed.

2.3. Metal analysis

Tissue samples were treated as previously described (Romero et al., 
2020). Briefly, for Cd and Pb analysis, 0.5 g of sample was submitted to 
acid digestion using HNO3 and H2O2 in a microwave digestion system 
(UltraClave-Microwave Milestone) at 220 ◦C for 20 min. The digested 
metals were then diluted to 10 mL with Milli-Q water and element 
concentrations were determined using an Inductively Coupled Plasma 
Optical Emission Spectrophotometer (ICP-OES, ICAP 6500 Duo Thermo 
Scientific, with One Fast System). Two measurements per sample were 

performed (mean values used for analysis). Multi-elemental calibration 
standards (SCP Science, 4% HNO3) with intermediate controls (CV ≤
10%) were used. Selected wavelengths were 214.438 nm (Cd) and 
220.353 nm (Pb). Recoveries in certified reference material (SRM 
L577b) were 98% (Cd) and 97.72% (Pb); blanks were processed every 
11 samples. For Hg, samples were analysed using an atomic absorption 
spectrometer AMA254 Advanced Mercury Analyzer (Leco) without 
sample pre-treatment or sample pre-concentration. Recovery for Mer
cury ICP Standard (1000 mg L− 1 Hg, Merck) was 98.44%.

2.4. Data analysis

All statistical analyses were performed using the SPSS software 
version 28 (IBM® SPSS® Statistics, www.ibm.com), with a significance 
level of 0.05 for all tests.

For each tissue, a chi-squared test was performed to study possible 
associations between the presence of a trace element and the origin of 
the eel. The chi-squared, contingency and corrected contingency co
efficients, along with the p values, were recorded.

Eel biometric data (total length and weight, eviscerated weight and 
number of eels at any stage) were presented as mean, standard devia
tion, minimum and maximum. Percentage of samples exceeding the 
Limit of Detection (LOD) for each metal, tissue and ecosystem was 
calculated. The concentrations of Cd and Pb below the LOD were 
expressed as half of this limit (0.0005 mg kg− 1) to ensure the statistical 
analysis could be performed (GEMs/Food-WHO, 1995). It should be 
pointed out that this is a common practice when the proportion of non- 
detects is low (<25%) but imperfect at higher rates. In the present study, 
except muscle Cd, censoring was minimal. Descriptive statistics for 
metals were presented as mean, standard deviation, median, minimum, 
and maximum.

In addition, to facilitate the understanding of the biological accu
mulation, an Individual Mean Bioaccumulation Index (IMBI) was 
calculated (Maes et al., 2005). The global IMBI was calculated by inte
grating the information from the three tissues of each individual, and 
was therefore analysed only at the origin level. In addition, tissue- 
specific IMBI indices (muscle, kidney and liver) were calculated to 
compare relative bioaccumulation between wetlands within each tissue 
compartment. The following formula was used: 

IMBI =

[
∑n

i=1

(
Ci

Cimax

)]/

n 

where Ci = the individual metal concentration of heavy metal i, Cimax 
= the maximum observed concentration of heavy metal (global or by 
tissue) i, and n = number of metals analysed. The IMBI values ranged 
between 0 and 1. The results obtained were presented as mean, standard 
deviation, median, minimum and maximum.

The normality (Shapiro–Wilk test) and homogeneity of variances 
(the Levene test) of the continuous variables were verified, both by 
tissue combination and by origin. Given that the concentrations of Cd, 
Pb, and Hg showed asymmetric distributions and heteroscedasticity 
between groups, a logarithmic transformation (log10) was applied. A 
multivariate General Linear Model (GLM) was applied, considering eel 
tissue (muscle, kidney, liver), origin (AV, EH-SP, ANR, AG) and devel
opmental stage (yellow or silvering, since no silver eels were found) as 
fixed factors, and eel eviscerated weight (hereafter, only weight) as a 
covariate. The interaction between tissue and origin was also included. 
Type III sums of squares and post hoc comparisons with Bonferroni 
adjustment (p < 0.05) were used. Estimated values were calculated by 
back-transforming to the mg kg− 1 scale and were shown as geometric 
mean (± standard deviation). Additionally, relative order of Cd, Pb, and 
Hg concentration among tissues in each wetland was estimated. The test 
was also carried out for IMBI values (global and by tissue), using origin 
and developmental stage of the eels as factors.
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3. Results

Table 1 shows the percentage of samples with values above the LOD 
(95% CI). Mercury was detected in 100% of all tissue samples from all 
locations, whereas Pb was detected in 100% of liver samples from all 
sites. Furthermore, Cd showed a 100% detection rate in liver samples 
from AV and AG. Kidney samples from AV also showed a 100% detection 
rate for Cd, Pb and Hg. Cadmium detection in muscle tissue from ANR 
and AG was 3.6 (0–10.5)% and 16.7 (3.3–30)%, respectively. Globally, 
Cd was detected in 28.8 (20.6–36.9)% of muscle samples, 81.2 
(74.3–88.4)% of kidney samples, and 82.2 (75.3–89.1)% of liver 
samples.

The results of the chi-squared test are shown in Table S2 of Supple
mentary material: there was a significant relationship for Cd and Pb in 
muscle and kidney, whereas in liver only Cd was significant. The degree 
of association between variables was generally high, except for the weak 
association of Pb in muscle (corrected contingency coefficient = 0.375).

Regarding element concentrations (Table 2 and Fig. 2), the highest 
median Pb value was found in liver tissue from eels sampled at EH-SP, 
while eels from AV showed the highest median values for Cd in kid
ney and Hg in muscle. Table S3 of Supplementary material shows GLM 
results. The model was significant for three metals (p < 0.001). Eel tissue 
and origin were the most explanatory factors, while eel developmental 
stage and weight showed little relevant effect (η2

p ≤ 0.02), except for 
minor contributions in Hg. In Fig. 3 and Table S4 of Supplementary 
material show statistically significant differences between wetlands 
labelled with superindices on the back transformed values, once the 
GLM has been applied. Table S5 of Supplementary material shows the 
relative concentration order among tissues for each wetland and for 
each metal, based on the estimated model means and Bonferroni post 
hoc comparisons (p < 0.05).

Accumulation of Cd was mainly observed in kidneys, although lower 
levels were also present in liver (patterns varied between capture sites: e. 
g. kidney > liver in AV and ANR; liver > kidney in EH-SP and AG). The 
concentration of Pb also depended on the tissue (overall, the highest 
concentration was found in the liver), but with less clear differences 

between locations (in AV and ANR, the highest concentration was in 
liver and kidney, while in EH-SP and AG, kidney was the tissue with the 
lowest concentration). The tissue with the highest concentration of Hg 
was muscle, in AV and EH-SP, sharing first place with liver in AG (no 
differences among tissues in ANR).

Eight specimens exceeded legal muscle limits for Pb (two in EH-SP 
and six in AG), two for Hg (one each in AV and EH-SP) and none for Cd.

Global, wetland-specific, and tissue-specific IMBI values are shown 
in Table 3 and Fig. 4. The results of the GLM analysis are shown in 
Table S6 of Supplementary material. Origin was the determining factor 
for the overall IMBI, while developmental stage and weight of the eels 
were not significant. Bonferroni adjusted post hoc comparisons 
(Table S7 of Supplementary material) showed significant differences 
between wetlands (p < 0.001). The overall IMBI value was significantly 
lower in EH-SP than in the other wetlands. The IMBI values in AV and 
ANR were the highest and similar to each other (p > 0.05). Tissue- 
specific IMBI differed between wetlands in muscle, but the model 
explained only part of the variability. In renal IMBI, the origin had a 
greater effect size, with more than half of the variance explained. In 
hepatic IMBI, despite there being statistically significant differences 
between wetlands, the effect size was much less pronounced, and the 

Table 1 
Percentage with 95% Confidence Interval of samples exceeding the LOD, for 
each metal, tissue, and ecosystem.

Tissue Origin Cd Pb Hg

Muscle L'Albufera de Valencia 43.3 
(25.6–61.1)

73.3 
(57.5–89.2)

100

El Hondo-Salinas de Santa 
Pola

50 (32.1–67.9) 76.7 
(61.5–91.8)

100

S'Albufereta 3.6 (0–10.5) 78.6 
(63.4–93.8)

100

S'Albufera des Grau 16.7 (3.3–30) 100 100
Total 28.8 

(20.6–36.9)
82.2 
(75.3–89.1)

100

Kidney L'Albufera de Valencia 100 100 100
El Hondo-Salinas de Santa 
Pola

83.3 (70–96.7) 30 (13.6–46.4) 100

S'Albufereta 96.4 
(89.6–100)

100 100

S'Albufera des Grau 46.7 (28.-64.5) 43.3 
(25.6–61.1)

100

Total 81.2 
(74.3–88.4)

67.5 
(59.4–76.2)

100

Liver L'Albufera de Valencia 100 100 100
El Hondo-Salinas de Santa 
Pola

96.7 
(90.2–100)

100 100

S'Albufereta 28.6 
(11.8–45.3)

100 100

S'Albufera des Grau 100 100 100
Total 82.2 

(75.3–89.1)
100 100

Note: Total = whole eel population of the four wetlands; LOD = the Limit of 
Detection.

Table 2 
Concentrations of Pb, Cd and Hg (mean ± standard deviation, median, mini
mum and maximum, mg kg− 1 wet weight) in muscle, kidney and liver of Eu
ropean eels from four Spanish Mediterranean ecosystems.

Cd Pb Hg

Muscle L'Albufera de 
Valencia

0.001 ± 0.002 
0.001 
(nd–0.008)

0.051 ± 0.063 
0.037 
(nd–0.269)

0.227 ± 0.133 
0.212 
(0.036–0.583)

El Hondo-Salinas 
de Santa Pola

0.002 ± 0.004 
0.001 
(nd–0.024)

0.085 ± 0.179 
0.023 
(nd–0.726)

0.084 ± 0.111 
0.049 
(0.017–0.621)

S'Albufereta 0.002 ± 0.006 
0.001 
(nd–0.032)

0.022 ± 0.05 
0.009 
(nd–0.257)

0.186 ± 0.088 
0.201 
(0.018–0.350)

S'Albufera des 
Grau

0.002 ± 0.006 
0.001 
(nd–0.034)

0.914 ± 2.150 
0.057 
(0.005–9.897)

0.131 ± 0.079 
0.124 
(0.035–0.443)

Total 0.002 ± 0.005 
0.001 
(nd–0.034)

0.272 ± 1.139 
0.024 
(nd–9.897)

0.156 ± 0.117 
0.131 
(0.017–0.621)

Kidney L'Albufera de 
Valencia

1.048 ± 0.981 
0.734 
(0.016–4.181)

0.216 ± 0.173 
0.144 
(0.098–0.898)

0.110 ± 0.086 
0.072 
(0.012–0.359)

El Hondo-Salinas 
de Santa Pola

0.021 ± 0.025 
0.013 
(nd–0.106)

0.703 ± 1.673 
0.001 
(nd–6.747)

0.037 ± 0.107 
0.014 
(0.003–0.601)

S'Albufereta 0.690 ± 0.909 
0.446 
(nd–4.568)

0.235 ± 0.149 
0.197 
(0.028–0.849)

0.118 ± 0.060 
0.11 
(0.017–0.264)

S'Albufera des 
Grau

0.016 ± 0.029 
0.001 
(nd–0.142)

1.255 ± 5.338 
0.001 
(nd–29.32)

0.051 ± 0.03 
0.04 
(0.02–0.167)

Total 0.434 ± 0.79 
0.055 
(nd–4.568)

0.612 ± 2.831 
0.129 
(nd–29.32)

0.078 ± 0.084 
0.054 
(0.003–0.601)

Liver L'Albufera de 
Valencia

0.115 ± 0.094 
0.091 
(0.017–0.444)

0.273 ± 0.099 
0.279 
(0.062–0.457)

0.155 ± 0.129 
0.129 
(0.026–0.537)

El Hondo-Salinas 
de Santa Pola

0.033 ± 0.034 
0.024 
(nd–0.179)

0.330 ± 0.147 
0.33 
(0.137–0.842)

0.049 ± 0.118 
0.017 
(0.006–0.659)

S'Albufereta 0.044 ± 0.127 
0.001 
(nd–0.645)

0.254 ± 0.116 
0.232 
(0.063–0.468)

0.174 ± 0.085 
0.181 
(0.010–0.351)

S'Albufera des 
Grau

0.043 ± 0.034 
0.028 
(0.009–0.148)

0.342 ± 0.149 
0.294 
(0.141–0.740)

0.117 ± 0.080 
0.10 
(0.036–0.373)

Total 0.059 ± 0.087 
0.028 
(nd–0.645)

0.301 ± 0.133 
0.287 
(0.062–0.842)

0.123 ± 0.115 
0.092 
(0.006–0.659)

Note: Total = whole eel population of the four wetlands; (nd) = not detected.
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model explained very little variance (Fig. 5).

4. Discussion

Due to its semi-enclosed nature, intense human activity and the long- 
term accumulation of industrial, urban and agricultural inputs, the 
Mediterranean Sea has historically been one of the most polluted marine 
basins, with high levels of heavy metals. In these circumstances, the 
European eel population remains critically endangered, as confirmed by 
the latest ICES report (ICES, 2025). In Spain, Regulation (EC) 1100/ 
2007 (UE, 2007) prompted the development of regional management 
plans for this species, however, some of these plans were prepared over a 
decade ago and did not always explicitly include pollution pressure as a 
monitoring variable. The results of the present study revealed clearly 
differentiated pollution and bioaccumulation profiles across wetlands, 
even within the same geographical region (i.e. under the same 

management plan). Comparing AV and EH-SP, a higher heavy metal 
load and higher IMBI values were generally observed in AV. Similar 
differences were observed between the two wetlands in terms of tissue 
concentration for Cd and Pb. The differences between ANR and AG were 
not particularly pronounced, but higher muscle Pb concentrations and 
liver Cd concentrations were found in eels from AG. In ANR, however, 
higher concentrations of Cd, Pb and Hg were found in the kidney, 
together with higher global and kidney IMBI.

There were also differences in the order of tissue concentration for 
the three metals. According to statistical analyses, the variation in heavy 
metal concentrations was due to location rather than the biological 
characteristics of the eels (weight and developmental stage), which was 
consistent with previous studies indicating that this species exhibits 
strong pollutant gradients, even at regional scales (Dannewitz et al., 
2005; Linde et al., 1996; Maes et al., 2005; Maes et al., 2008). The 
limited influence of developmental stage on metal accumulation in eels 

Fig. 2. Box plot of Cd, Pb, and Hg concentrations (mg kg − 1 wet weight) in muscle, kidney and liver of European eels from four Spanish Mediterranean wetlands. AV 
= L'Albufera de Valencia; EH-SP = El Hondo-Salinas de Santa Pola; ANR = S'Albufereta; AG = S'Albufera des Grau. Circles denote outliers; asterisks, extreme outliers.

Fig. 3. Bar plot of wetland-specific Cd, Pb and Hg (mg kg− 1 wet weight) in muscle, kidney and liver of European eels from four Spanish Mediterranean wetlands. 
Estimated marginal means from the general multifactorial linear model with Bonferroni post hoc tests, back transformed from log10.
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can be attributed to their particular silvering pattern. In some cases, 
there are no significant differences in age between yellow, silver or 
silvering eels (Barcala et al., 2022; Bereziuk et al., 2025), a finding that 
has been corroborated in the present study. However, no true silver eels 
were captured during sampling, which limits our ability to characterize 
metal burdens during the migratory phase of their life stage.

The dominant influence of sampling tissue over biological covariates 
aligns with regional contamination gradients observed in other Medi
terranean bioindicators. Simsek et al. (2025) reported pronounced 
tissue-specific accumulation in loggerhead turtles from the Turkish 
Mediterranean coast, with gender-based differences including elevated 
kidney Cd in females, paralleling the chronic kidney Cd exposure 

documented in European eels from AV and ANR in this study. Gender 
was not assessed here but warrants future investigation. This cross- 
species consistency reinforces the need for integrated, multi-taxa 
monitoring approaches.

The differences between AV and EH-SP wetlands are clear: EH-SP is a 
semi-artificial wetland closely linked to agricultural water networks and 
vulnerable to low water levels and poor water quality (CHS, 2020). 
Meanwhile, AV is a large, hypereutrophic lagoon with lower salinity 
levels and a poorer ecological status. This situation is attributable to 
greater urban and agricultural pressure, causing contamination of the 
inflowing waters with nutrients and phytosanitary products (CHJ, 2019; 
MITECO, 2025). The concentrations of Cd, Pb, and Hg detected in AV 
were similar to or higher than those reported in previous studies (Esteve 
et al., 2012; Ureña et al., 2007). By contrast, no previous records existed 
for the eel population in EH-SP. On the other hand, AG is a small 
ecosystem strongly influenced by seasonal climate patterns, whereas 
ANR —larger than AG— is subject to greater continental influence and 
more significant urban pressures (Govern de les Illes Balears, 2024). 
Unfortunately, according to the authors' knowledge, no previous studies 
reported heavy metal analyses in eels from ANR and AG.

Curiously, when comparing the ecosystems (Tables S4 and S7), sta
tistically significant differences were only found between AV and ANR 
for hepatic concentration of Cd (higher in AV), along with a higher 
percentage of eels showing Cd detection in muscle and liver (Table 1). 
Both ecosystems experienced historical anthropogenic impact: urban 
and agricultural activities in AV, and urban waste —especially from 
sewage treatment plants and septic tanks— in ANR; despite this, these 
wetlands exhibited different ecological statuses: ‘moderate’ in ANR and 
‘bad’ in AV (CHJ, 2019; Govern de les Illes Balears, 2024). It should be 
noted that the definition of ecological status under the EU Water 
Framework Directive (WFD, 2000) was strongly influenced by biological 
(phytoplankton, chlorophyll, macroalgae, benthos, fish, etc.), hydro
morphological (sediments, hydrodynamics, depth, etc.) and physico
chemical (transparency, temperature, oxygenation, salinity, pH, 
nutrients, etc.) indicators (Borja et al., 2006; CHJ, 2019; Govern de les 

Table 3 
Wetland-specific descriptive statistics (mean ± standard deviation, median, 
minimum and maximum) of the Individual Mean Bioaccumulation Index (IMBI) 
calculated globally (integrating the three tissues per individual) and specifically 
by tissue of European eels from four Mediterranean wetlands.

IMBI-global IMBI- 
muscle

IMBI- 
kidney

IMBI-liver

L'Albufera de 
Valencia

0.113 ±
0.079 
0.092 
0.017–0.361

0.14 ±
0.08 
0.12 
0.02–0.32

0.14 ± 0.1 
0.13 7 
0.03–0.37

0.25 ±
0.11 
0.24 
0.05–0.55

El Hondo-Salinas de 
Santa Pola

0.034 ± 0.06 
0.016 
0.003–0.35

0.07 ±
0.07 
0.04 
0.02–0.34

0.03 ±
0.07 
0.01 
0.00–0.38

0.17 ±
0.08 
0.16 
0.07–0.45

S'Albufereta 0.100 ±
0.063 
0.094 
0.008–0.463

0.12 ±
0.07 
0.12 
0.02–0.4

0.12 ±
0.09 
0.09 
0.01–0.47

0.21 ±
0.08 
0.19 
0.11–0.53

S'Albufera des Grau 0.061 ±
0.051 
0.05 
0.010–0.367

0.13 ±
0.13 
0.09 
0.03–0.7

0.04 ±
0.06 
0.03 
0.01–0.37

0.22 ±
0.09 
0.21 
0.09–0.52

Note: IMBI-global = IMBI values per individual comprising three tissues.

Fig. 4. Box plot of tissue-specific Individual Mean Bioaccumulation Index (IMBI, dimensionless) values in European eels from four Spanish Mediterranean wetlands. 
AV = L'Albufera de Valencia; EH-SP = El Hondo-Salinas de Santa Pola; ANR = S'Albufereta; AG = S'Albufera des Grau. Circles denote outliers, asterisks denote 
extreme outliers.
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Illes Balears, 2015, 2023), which did not necessarily correlate directly 
with heavy metal loads in biota. In the Balearic Islands study region, 
metal monitoring of priority substances has been conducted at intervals 
of approximately six years (Govern de les Illes Balears, 2023). Therefore, 
the indicators reflect mainly organic contamination and eutrophication, 
rather than the bioaccumulation of metals in sediments or fish. The 
discrepancies between metal bioaccumulation patterns and the ecolog
ical status of wetlands underscore the need for complementary chemical 
monitoring.

On the other hand, regarding Cd differences, a recent report 
(MITECO, 2025) indicated that the largest pollutant inputs to AV orig
inated from irrigation return flows and basin runoff during annual 
rainfall, where pH level could affect heavy metal bioavailability. 
Recently, the importance of Cd bioavailability in AV sediments was 
demonstrated, highlighting that this element could represent a moderate 
ecological risk, greater than that of other metals (i.e. Pb) (Soriano et al., 
2024). In the case of urban inputs, Cd appeared less bioavailable in ANR, 
probably due to high pH level or particle adsorption. This could explain 
why eels from this wetland exhibited lower Cd levels than those from 
AV, despite reports identifying ANR as a critical point for heavy metal 
accumulation (Perelló et al., 2025).

To explore this further, the ratio between renal and hepatic Cd 
concentrations was calculated. Most eels (93.1% in AV and 100% in 
ANR) had this ratio equal to or greater than 1 in both locations, indi
cating chronic Cd exposure. Nevertheless, average ratio values were 
much higher in ANR (unsupplied data), suggesting that, despite chronic 
exposure in both locations, more recent inputs occurred in AV than in 
ANR. Cadmium enters fish via gills and intestine, binding to albumin 
and metallothioneins (MT) for transport to liver (via portal vein) and 
then to kidneys (tubular filtration/reabsorption), where it preferentially 
accumulates and causes chronic hepatic and renal damage (oxidative 
stress, tissue dysfunction) gill Ca2+ uptake inhibition, endocrine 
disruption, immunosuppression, and death (Lee et al., 2024). Cadmium 
also interfere with eel migration through effects on lipid mobilisation 
(lipolysis) (Pierron et al., 2007). Therefore, the risk associated with the 
bioavailability of Cd in AV should be considered when managing the 
species A. anguilla in this wetland.

Another interesting finding was the absence of statistically signifi
cant differences in liver Pb concentrations between the four wetlands. 
The fact that all wetlands receive inputs from common or comparable 

sources could explain the similarities for this element. Recent studies 
have demonstrated that leaded petrol remains as ubiquitous and 
persistent source of Pb, even decades after its ban (Shiel et al., 2024), 
and that atmospheric deposition of Pb constitutes an important, perhaps 
even the main, contributor to Pb presence in coastal Mediterranean 
sediments (Guerzoni et al., 1999). Lead temporarily bioaccumulates in 
the gills, but the liver is its primary long-term retention organ due to 
detoxification function; exposure causes haematological, neuronal, 
gastrointestinal dysfunctions, and induces hepatic damage (metabolic 
disruption, melano-macrophages, vacuolar degeneration, necrosis), 
while serving as the main biotransformation-elimination organ 
(Simangunsong et al., 2024). Since the liver is the preferred organ for Pb 
accumulation, the resulting hepatic concentrations would be compara
ble. However, Pb also has an affinity for the kidney. Thus, the significant 
differences found between the wetlands could indicate an additional 
source of this metal in ecosystems with higher concentrations (AV and 
ANR).

Mercury was detected in 100% of the samples (Table 1). The relative 
order of Hg tissue concentration (Table S5) was the same for eels from 
AV and EH-SP. Nevertheless, the differences in Hg concentration 
(Table S4) once again highlighted that wetlands under the same man
agement plan had different pollution pressures. Similarly, small differ
ences were found between AG and ANR: no statistical differences existed 
between the three tissues in ANR, while muscle and liver concentrations 
were higher than in kidney in AG, but without statistical differences. 
According to Havelková et al. (2008), muscle was the target tissue for 
fish from low-pollution areas, while the liver was the target tissue for 
fish from high-pollution areas. There were no significant differences in 
muscle and liver Hg concentrations between AV, AG and ANR, so the 
order of the tissues suggested a higher Hg load in eels from the ANR and 
AG, with a somewhat higher load in ANR than in AG due to elevated 
renal concentration in ANR. Regarding the concentrations, only studies 
on Hg concentrations in eels from AV reported similar concentrations to 
those found in the present study (Esteve et al., 2012; Ureña et al., 2007).

Additionally, seasonal variability, temperature and pluviometric 
fluctuations, salinity levels, depths, variations in sediment composition, 
aquatic chemistry, presence of organic matter and other substances, and 
species-specific habitat preferences were related to metal bio
accumulation patterns in fish (Acosta et al., 2011; Li et al., 2015; Noh 
et al., 2013; Somero et al., 1977; Ustaoğlu et al., 2024). In the present 
study, sampling was carried out in winter, when low temperatures were 
expected to reduce both the feed intake and metabolic rate in eels, 
potentially decreasing metal accumulation rates (Somero et al., 1977; 
Walsh et al., 1983). The same impact could have been caused by sea
sonal hydrological effects, given that the sampling period coincided with 
a period that was generally wetter than normal; the occasional absence 
of rainfall on sampling dates was offset by the significant rainfall in 
previous weeks (AEMET, 2026). Local climate changes (i.e. dry vs. rainy 
periods) have been shown to influence heavy metal concentrations, 
potentially decreasing them during wet periods (Shanbehzadeh et al., 
2014). It was also assumed that the temperature and depth of the water 
were comparable between the four wetlands, while the salinity differed 
slightly. Lower Hg concentrations were detected in the wetland with a 
higher salinity (EH-SP), which contrasts with previous findings report
ing a strong positive correlation between Hg concentrations and salinity, 
even though other environmental variables —including dissolved solids, 
sodium and potassium cations, chloride ions (Li et al., 2015), sulphates 
and organic matter (Noh et al., 2013)— have also been shown to in
fluence Hg distribution. Regarding Cd and Pb, the accumulation rate for 
Pb in estuarine teleost fish has been reported to be inversely propor
tional to salinity (Somero et al., 1977), but other studies have suggested 
that higher salinity could increase the solubility and degree of mobi
lisation of both Cd and Pb (Acosta et al., 2011), highlighting the complex 
influence of salinity on metal accumulation levels. This study provides a 
winter-specific seasonal snapshot (Dec 2019 – Mar 2020) of Cd, Pb, and 
Hg bioaccumulation across the four Mediterranean wetlands during wet 

Fig. 5. Bar plot of wetland- and tissue-specific Individual Mean Bio
accumulation Index (IMBI, dimensionless) values in European eels from four 
Spanish Mediterranean wetlands. Estimated marginal means from the general 
multifactorial linear model with Bonferroni post hoc tests, back transformed 
from log10.
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periods, highlighting the need for future multi-season sampling to cap
ture annual temporal variability alongside salinity, ions, and organic 
matter influences in metal bioaccumulation.

There is no doubt that the evaluation of main toxic metals concen
trations across three tissues and four wetlands constituted a highly 
complex analysis. However, global IMBI assessment provided more 
conclusive results: EH-SP exhibited the lowest pollution pressure, fol
lowed by AG, while AV and ANR appeared to be the most polluted. 
Tissue type and origin emerged as primary factors influencing pollutant 
variation, with effects far exceeding those of developmental stage or 
weight of eels (Table S3). Tissue-specific analysis revealed kidney (IMBI- 
renal) as the most informative target organ for wetland discrimination 
(Table S6), suggesting particular exposure and bioaccumulation pat
terns in each ecosystem. Lower IMBI potency in liver and muscle tissue 
indicated that each tissue provides complementary information, high
lighting the importance of multi-compartmental integration for risk 
assessment. The key finding confirmed origin as the main factor influ
encing IMBI, surpassing any biological variable. This established IMBI as 
a useful relative tool for within-study comparisons of metal bio
accumulation among wetlands. However, it should not be interpreted as 
providing absolute regulatory or risk-based thresholds.

The IMBI used in this study offers specific advantages over other 
common indices such as BAF (metal concentration in organism/water), 
BSAF (metal concentration in organism/sediments (Genç and Yilmaz, 
2017), WQI (water quality index), or HPI (heavy metal pollution index) 
(Jolaosho et al., 2024), as it requires no water/sediment concentration 
data and focuses solely on comparing bioaccumulation patterns across 
eels from the four wetlands —precisely our study objective— rather than 
assessing water quality against regulatory standards (Genç and Yilmaz, 
2017; Öğlü et al., 2015; Van Ginneken and Maes, 2005).

Wetland-specific patterns identified in this study carried important 
implications for the management and conservation of European eel 
population in Mediterranean environments. Notably, wetlands under 
identical regional management plans (AV vs. EH-SP in the Region of 
Valencia and AG vs. ANR in the Balearic Islands) exhibited radically 
different pollution profiles, underscoring limitations of traditional ho
mogeneous regional approaches. Spanish management plans developed 
in accordance with Council Regulation (EC) No 1100/2007 (UE, 2007) 
primarily focused on regulating fishing pressure and improving river 
connectivity (PGAE, 2010; Ruissen, 2023). Nevertheless, despite being 
recognised as one of the main anthropogenic factors in eel mortality 
(Belpaire et al., 2011, 2019; ICES, 2025; Martínez-Gómez et al., 2023), 
chemical pollution has rarely been incorporated into explicit quantifi
able objectives or specific mitigation measures. To give an example, 
despite designation as a Natural Park since 1986, AV continued 
receiving urban, industrial, and agricultural pollutants from its drainage 
basin, and recent events such as the October 2024 inundation exacer
bated the entry of these pollutants into the ecosystem (MITECO, 2025). 
This evidence further emphasises the urgent need to incorporate specific 
monitoring and pollution control strategies for each wetland into eel 
management plans. It is crucial to recognise that the critical conserva
tion status of the species cannot be reversed without comprehensively 
and locally addressing all anthropogenic pressure factors, including 
chemical pollution loads.

Finally, with regard to food safety, no specimens exhibited muscle Cd 
concentrations above the limit established by European legislation (UE 
Regulation 2023/915; European Commission, 2023). However, eight 
specimens (two in EH-SP and six in AG), exceeded the Pb limit, and two 
(one each in AV and EH-SP) exceeded the Hg limit. Based on these re
sults, 10% (0–20.7%) of eels from EH-SP and 3.3% (0–9.8%) of eels from 
AV (where fishing is permitted) would be unsuitable for human con
sumption. In AG, 20% (5.7–34.3%) of eels would be unsuitable; how
ever, while commercial harvest for consumption is prohibited, 
recreational eel fishing remains allowed in in both AG and ANR under 
specific regulatory restrictions. Obviously, this introduces uncertainty in 
interpreting global results, as EH-SP and AG showed the lowest IMBI 

values, suggesting lowest pollution pressure. The apparent contradiction 
between low IMBI levels and muscle excesses arises from the way IMBI 
integrates three metals encompassing all tissues (global) or within each 
tissue (muscle, kidney, liver). Combining tissue-metal data in global 
IMBI, along with three metal data in muscle, renal and liver IMBI, dilutes 
the influence of single-element concentration peaks in one eel tissue.

On the other hand, these findings emphasize the strength of global 
IMBI as a useful relative tool for comparing pollution profiles across 
sites. Integrated indices like IMBI effectively detect health risks associ
ated with cumulative effect of multiple metals —even across species—, 
rather than measuring solely single-metal legal limits (Ustaoğlu and 
Yüksel, 2024). These indices can also identify individual contamination 
variability within the same environment influenced by proximity to 
industrial, agricultural and urban areas of each fish (Ustaoğlu et al., 
2024). Additionally, this index serves as a complementary indicator for 
food safety, as high IMBI values unequivocally signal elevated overall 
metal loads across tissues. Evidently, absolute IMBI thresholds cannot be 
established, since IMBI is normalized to study-specific maximum. 
Regarding tissue-specific IMBI, unlike global IMBI, it separates and 
compares exposure/bioaccumulation patterns between tissues (e.g. 
renal IMBI was most discriminatory here). It should be reiterated, 
however, that the muscle IMBI has a limitation because it cannot replace 
regulatory food safety assessments, which are based on individual metal 
concentrations in muscle tissue in relation to specific legal limits. A 
single metal exceeding legal limit means that the specimen is unsuitable 
for consumption, even if concentration of other metals is low. Overall, 
combining IMBI with classical single-metal analyses provides a wider 
perspective on ecological and toxicological risks, improving public 
health risk management.

Overall, the findings of the present study contribute to the increasing 
body of evidence on food safety risks associated with the bio
accumulation of Cd, Pb, and Hg in edible fish species, since these metals 
have been recognised as toxic elements (PTEs) that pose non-negligible 
toxicological, non-cancerogenic and carcinogenic human health risks 
resulting from chronic dietary exposure (Ustaoğlu et al., 2024; Yazman 
et al., 2025; Yüksel et al., 2025). The findings, therefore, underscore the 
need to reinforce monitoring of fish species such as the European eel, in 
order to inform public officials responsible for the management of Eu
ropean eels and public health policies. Monitoring based on the IMBI 
kidney tissue index can be easily transferred to other eel habitats in the 
Mediterranean or Europe, such as lagoons, estuaries, and river basins, 
where similar specific pollution profiles occur. The incorporation of site- 
specific regional pollution controls beyond fishing quotas would 
improve the situation of eels in these environments.

The IMBI proves useful for comparing pollution profiles across 
wetlands within a study, while the observed differences are likely to be 
significant from a biological and ecological perspective, relating to eel 
physiology, trophic ecology, and habitat use. Greater benthic exposure 
probably correlates with more contaminated profiles. The European eel, 
an opportunistic carnivorous-omnivorous predator, occupies benthic 
habitats and maintains close contact with sediments while foraging or 
seeking shelter, thereby heightening its exposure to contaminants such 
as Cd, Pb, and Hg. These metals adhere strongly to sediments, but nat
ural (wind, flooding, wildlife) or anthropogenic (dredging, navigation, 
etc.) hydrological disturbances resuspend them, facilitating transfer into 
the eel's trophic network (Charriau et al., 2010; Van den Berg et al., 
2001). While Cd and Pb are primarily mobilized through physical 
resuspension, Hg retention in sediments is additionally shaped by 
methylation processes under anoxic conditions with high organic mat
ter, increasing its bioavailability and trophic transfer (Ning et al., 2021). 
Prolonged exposure to heavy metals such as Cd, Pb and Hg poses sig
nificant risks to European eels undertaking their extensive fasting 
reproductive migration, a period characterized by intense mobilisation 
of energy reserves and physiological stress (Durif et al., 2009). During 
this stage, accumulated metals may be redistributed from storage tissues 
into circulation, thereby increasing their bioavailability and rendering 
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their presence particularly critical, with potential consequences for 
reproductive success (Pierron et al., 2007, 2009).

5. Conclusion

The results highlight the need to update regional management plans 
for European eels, incorporating local assessments of pollution and 
reinforcing the adjustment of conservation measures to the specific 
environmental conditions of each wetland, rather than focusing exclu
sively on fishing and connectivity. The absence of direct correlation 
between ecological status and metal bioaccumulation indicates that 
chemical pollution and ecological quality require complementary 
assessment to avoid simplistic interpretations. On the other hand, the 
distribution and accumulation patterns of three heavy metals indicates 
chronic exposure. The origin of eels was the main determining factor, far 
more significant than biological variables. In terms of tissues, the kidney 
was the most sensitive and informative indicator, highlighting the 
importance of multi-tissue analysis in distinguishing between wetlands. 
Additionally, the results emphasize the adequacy of the kidney as key 
tissue for monitoring the chronic exposure of the European eel popula
tion to heavy metals. Meanwhile, IMBI serves as a useful relative tool for 
comparing wetlands, identifying AV and ANR (despite their different 
ecological statuses) as showing the greatest overall pollution pressure. 
By contrast, the levels of bioaccumulation in EH-SP and AG were 
consistently lower. From a food safety perspective, although no samples 
exceeded the legal limit for Cd in muscle tissue (UE Regulation 2023/ 
915), eight specimens [20% (5.7–34.3%) from AG, 3.3% (0–9.8%) from 
AV] exceeded the legal thresholds for Pb and/or Hg. This finding dem
onstrates that chemical pollution could pose a measurable, yet under
estimated, food safety risk in Mediterranean wetlands, particularly in 
areas where European eel fishing for consumption is permitted.

Glossary

AG S'Albufera des Grau Natural Park
ANR S'Albufereta Natural Reserve
AV L'Albufera de Valencia Natural Park
Cd Cadmium
CHJ Confederación Hidrográfica del Júcar
CHS Confederación Hidrográfica Del Segura
DL Detection limit
EH-SP El Hondo-Salinas de Santa Pola Natural Park
EIFAAC European Inland Fisheries and Aquaculture Advisory 

Commission
GEMs/Food-WHO Global Environment Monitoring System/Food- 

World Health Organization
GLM General Linear Model
Hg Mercury
ICES the International Council for the Exploration of the Sea
IMBI Individual Mean Bioaccumulation Index
MT Metallothionein
MITECO Ministerio Para La Transición Ecológica y El Reto 

Demográfico
Pb Lead
PGAE Plan de Gestión de la Anguila europea en España
UE European Union
WGEEL Working Group on Eels
η2

p Partial eta squared
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Transición Ecológica y el Reto Demográfico. https://www.chj.es/es-es/medioambie 
nte/albufera/Documents/PlanEspecialAlbufera_V96_JuntaRectora_Def.pdf.

CHJ, 2023. Plan Hidrológico de la Demarcación Hidrográfica del Júcar 2022–2027. In: 
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lagoon system–Turkey: an index analysis approach. Bull. Environ. Contam. Toxicol. 
99 (2), 173–181. https://doi.org/10.1007/s00128-017-2121-7.

Geyman, B.M., Streets, D.G., Olson, C.I., Thackray, C.P., Olson, C.L., Schaefer, K., 
Krabbenhoft, D.P., Sunderland, E.M., 2025. Cumulative anthropogenic impacts of 
past and future emissions and releases on the global mercury cycle. Environ. Sci. 
Technol. 59 (17), 8578–8590. https://doi.org/10.1021/acs.est.4c13434.

Global Environment Monitoring System/Food-World Health Organization (GEMs/Food- 
WHO), 1995. Reliable evaluation of low-level contamination of food. In: Workshop 
in the Frame of GEMS/Food-EURO. Kulmbach, Germany. http://www.who.int/f 
oodsafety/publications/chem/lowlevel_may1995/.

Govern de les Illes Balears, 2015. Plan Hidrológico de las Illes Baleares (2015–2021). 
Memoria, Conselleria d’Agricultura, Medi Ambient i Territori. Palma. BOE. http:// 
www.caib.es/sites/aigua/ca/pla_hidrolagic_de_les_illes_balears/.

Govern de les Illes Balears, 2023. Plan Hidrológico de la Demarcación Hidrográfica de las 
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Pacheco, Á., León, V.M., 2023. The impact of chemical pollution on the European eel 
(Anguilla anguilla) from a Mediterranean hypersaline coastal lagoon. Environ. Sci. 
Pollut. Res. 30 (33), 80106–80122. https://doi.org/10.1007/s11356-023-27871-9.
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Yazman, M.M., Ustaoğlu, F., Yüksel, B., 2025. Nutritional profiling of Oncorhynchus 
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