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Abstract
The European eel (Anguilla anguilla) is a critically endangered species. The impact of environmental contamination on this 
species has been highlighted as contributing to the decline in recruitment. The Mar Menor hypersaline coastal lagoon (SE 
Spain) is one of the most productive fisheries of European eel in Europe, making it a critical habitat for species conservation. 
The present study aimed to provide an initial overview of the impact of organic chemical contaminants on the European eel 
and the potential sublethal effects of chemical pollution on pre-migrating eels in this hypersaline habitat. We investigated 
muscle bioaccumulation of main persistent and hazardous organic contaminants (including some current-use pesticides) 
and genotoxicity, neurotoxicity, and xenobiotic detoxification system responses. The findings show that lagoon eels were 
exposed to high levels of legacy organochlorine contaminants, recently banned pesticides (chlorpyrifos), and some emerging 
chemicals. Some individuals surpassed the maximum levels of CBs authorized by the European Commission for human 
consumption. In this species, residuals of chlorpyrifos, pendimethalin, and chlorthal dimethyl have been reported for the 
first time. This field study provides relevant data to stock management and human health consumption and provides the 
first biomarker responses in European eel under permanent hypersaline conditions. Furthermore, the high frequency of 
micronuclei in peripheral erythrocytes of lagoon eels indicates sublethal genotoxic effects on the organism. Overall, the 
European eels growing and maturing in the Mar Menor lagoon are exposed to toxic and carcinogenic chemicals. The lack 
of seafood safety regulations for human consumption for some legacy chemicals that were measured in high concentrations 
in our study requires special action. Further biomonitoring and research are recommended to protect the animal, public, and 
environmental health.
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Introduction

The European eel (Anguilla anguilla, Linnaeus 1758) is a 
diadromous fish that is critically endangered, according to 
the International Union for Conservation of Nature’s Red 
List (Pike et al. 2020). Currently, its recruitment is low, and 
its stock status remains critical (Aalto et al. 2016; ICES 
2019). Mediterranean coastal lagoons represent one signifi-
cant continental habitat where European eel grows as juve-
niles and mature adults (Cataudella et al. 2014). Such is the 
case for the Mar Menor lagoon (MML) (SE Spain), a Spe-
cially Protected Area of Mediterranean Importance since 
2001 (SPAMI's list; RAC/SPA 2020), which is a singular 
habitat for European eels as it has permanent hypersaline 
waters (42–47 PSU). In addition, the MML is home to one 
of Europe’s greatest yellow and silver eel fisheries. Despite 
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decreased catches in recent decades, the MML remains a 
critical continental habitat for conserving the European eel 
(Barcala et al. 2022). Unfortunately, human activities such 
as extensive agricultural and livestock operations, tour-
ism, significant urban growth, and the relics of historical 
metal mining activities have all had a significant impact on 
environmental status during the previous 50 years, putting 
the MML in jeopardy (Marín-Guirao et al. 2005; Conesa 
and Jiménez-Cárceles 2007; Moreno-González et al. 2013, 
2015; Moreno-González and León, 2017; Belando-Torrente 
et al. 2019; Ruiz et al. 2020).

Multiple factors have been proposed as causes for the 
diminishing global European eel population (reviewed by 
van Ginneken and Maes 2005; van Ginneken 2017). Con-
taminants and their associated effects on the reproductive 
capacity of eels (e.g., chemical contaminants maternally 
transferred into gonads and eggs) have been studied as 
one factor contributing to recruitment decline and non-
fishery mortality (Belpaire et al. 2019; Freese et al. 2017, 
2019). Juvenile and adult eels tend to accumulate greater 
amounts than other fish species of environmental chemi-
cal contaminants, particularly persistent bioaccumulative 
toxic (PBT) compounds. Furthermore, it has been widely 
reported in the literature that pre-migrating European 
eel inhabiting chemically impacted environments show a 
high contaminant accumulation in their bodies (Van der 
Oost et al. 1996b; Belpaire and Goemans 2007; Couderc 
et al. 2015). This is due to their physiological and eco-
logical characteristics (i.e., their high lipid body content, 
long life cycle, semelparous reproductive strategy, and 
benthonic ecology) (Roche et al. 2000; Bordajandi et al. 
2003; Steendam et al. 2020). The European eel arrives in 
continental habitats (glass eel stage), and they remain in 
them (from 6 up to 20 years) until they migrate back (sil-
ver eel stage) to their spawning grounds (which are likely 
about 5000–7500 km away), probably lasting between 
3.5 and 6 months of continuous swimming and the onset 
of sexual maturation (Amilhat et al. 2016; Miller et al. 
2019). During their growing stage in continental habitats, 
the European eel undergoes a physiological and morpho-
logical transformation developing from yellow eel to the 
migratory silver eel stage (Durif et al. 2005). The morpho-
logical changes associated with silvering include a change 
in body color, an increase in eye size, and an increase in 
body fat (to a maximum of 25–30% of their body mass). 
Silver eels are believed not to feed during their spawning 
migration, and meanwhile, fat reserves are consumed, and 
the toxic bioaccumulated contaminants are mobilized and 
translocated, becoming more bioavailable (Robinet and 
Feunteun 2002; Sühring et al. 2015). Consequently, silver 
eels are more likely to experience adverse effects on their 
health and reproductive performance (Geeraerts and Bel-
paire 2010; Sühring et al. 2015).

The observed effects in the European eel caused by PBT 
contaminants in experimental exposure studies vary accord-
ing to the type and concentration of individual pollutants 
and their mixtures. They include genotoxic damages and 
disturbances of the immune, reproductive, nervous, and 
endocrine systems (reviewed by Geeraerts and Belpaire 
2010; Guilherme et al. 2010). For example, acute concen-
trations of organochlorine and organophosphorus pesticides 
in the water caused eels to show restlessness, erratic swim-
ming, convulsions, loss of balance, mucus secretion, and 
pale color (especially with chlorpyrifos) before death (Fer-
rando et al. 1991).

Induction of cytochrome P4501A (CYP1A-mediated 
phase I metabolism) provides evidence of fish biotransfor-
mation of numerous persistent contaminants with planar 
conformation (Whyte et al. 2000). The occurrence of eryth-
rocyte nuclear abnormalities such as micronucleus provides 
information on chromosomal damage and can be used to 
investigate the impact in fish of environmental genotoxic 
contaminants (Bolognesi et al. 2006). On the other hand, 
organophosphorus pesticides, PCBs, and certain pesticides 
such as hexachlorobenzene (HCB) and the p,p-dichlorodi-
phenyldichloroethylene (p,p´-DDE) are known neurotoxi-
cants (Miodovnik 2011), and acetylcholinesterase activity 
(AChE) is recognized as a biomarker of neurotoxicity in 
fish (Burgeot et al. 2012). However, few field studies have 
examined contaminant-related biomarker responses in the 
European eel, and most have been carried out during the 
past decades in brackish or freshwaters (Van der Oost et al. 
1996a; Livingstone et al. 2000; Doyotte et al. 2001; Corsi 
et al. 2005; Guimaraes et al. 2009). During the last decade, 
many EU member states have collected data on the chemical 
quality of eels in their water bodies (ICES 2011). However, 
there have been no specific studies on eels inhabiting MML 
to investigate contaminant-related effects, and the only bio-
accumulation data available is for heavy metals (Romero 
et al. 2020).

The present study aimed to investigate the bioaccumu-
lation of organic chemical contaminants and contaminant-
related biomarker responses in pre-migrating European 
eel (Anguilla anguilla) from a hypersaline Mediterranean 
coastal lagoon. We analyzed polycyclic aromatic hydrocar-
bons (PAHs), polychlorinated biphenyls (PCBs), organo-
chlorine and organophosphorus insecticides, and current-use 
pesticides in muscle of pre-migratory MML eels. In addi-
tion, we analyzed three contaminant-related biomarkers rec-
ommended for marine fish (UNEP/MAP 2018; Vethaak et al. 
2017), including micronuclei frequency (MN) in peripheral 
erythrocytes, AChE activities in brain and muscle tissues, 
and hepatic ethoxyresorufin-O-deethylase (EROD) activity, 
covering important toxicity mechanisms (genotoxicity, neu-
rotoxicity, and induction of CYP1A-mediated phase I metab-
olism detoxification system). In addition to contributing to 
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stock management and conservation, our findings on MML 
eels will help assess environmental quality and protect 
human health.

Material and methods

Study area and sampling procedure

The Mar Menor is a coastal lagoon in Murcia (South-East 
Spain), adjacent to the Campo de Cartagena area, where 
intensive agricultural activity has taken place since the nine-
teen eighties. A sandbar of 22 km in length separates the 
lagoon from the Mediterranean Sea (Fig. 1). Water exchange 
and, therefore, the passage of species between the MML and 
the Mediterranean Sea occur through three channels and two 
navigable canals, one of them sheltering the largest marina 
in the lagoon (Estacio Canal). During the year, seawater tem-
perature (SWT) usually ranges from 10 to 30 °C and salinity 
from 42 to 47 PSU. The total lagoon surface area is nearly 
135 km2, and urban and recreational infrastructures mostly 

occupy the coastal area (length of 70 km). The lagoon has 
a maximum depth of 7 m (mean depth range between 3 and 
4 m), and the water residence time in the lagoon is almost 
1 year. The southern part of the MML receives metal min-
ing waste through water runoff, and overall surface sedi-
ments have a lower organic matter (total organic carbon 
about 3.8%) than in the central area of the lagoon (6–8%). 
The central area is under the influence of the marine traffic 
from the Estacio Canal (east bank) and of the main collec-
tor watercourse of the drainage basin named “El Albujón” 
(west bank) (Fig. 1). There is a regular flux of groundwater 
feeding this watercourse that is only continuous in the last 
few kilometers, and it receives agricultural runoff, treated 
effluents, and brackish water effluents. As a result of these 
circumstances, MML acts a sedimentary trap of metal and 
organic chemical contaminants.

It is stated that most of the glass eel specimens reaching 
the MML spent their entire life dwelling in the hypersa-
line waters (42–44 PSU) before migrating for reproduc-
tion (Peñalver et al. 2015). The total number of fish used 
in the present study (N = 58) was obtained shortly after 

Fig. 1   Location of European eel (Anguilla anguilla) sampling sites (S1, S2, S3, and S4) in the Mar Menor lagoon (Spain, South-west Mediterranean)
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their capture from a local fishery aimed at being sold for 
human consumption over two fishing seasons. The fish 
were caught using fyke nets (Paranza) in spring and long 
lines in winter. Sampling sites were located in the southern 
sub-basin (S1 and S3) and the central area of the lagoon 
(S2 and S4). The timing and location of the fishing gear 
used in the MML were, therefore, factors that determined 
the sampling site and the sampling time for the eels in 
this study. The bottoms of all sampling sites were covered 
by Cymodocea nodosa and Caulerpa prolifera meadows 
(Fig. 1). Eels were collected in April 2014 from site S1 
(SWT = 16.0 °C) and in January–February 2015 from sites 
S2, S3, and S4, (SWT ranged from 13.8 to 14.6 °C). In 
order to minimize the effects of environmental and biolog-
ical confounding factors on biomarker responses, only eels 
collected in spring by fyke nets were used for biomarker 
analysis. After being captured, eels were transferred to the 
laboratory and held in 500-L flow-through holding tanks 
(using Mar Menor seawater) for a maximum of 2 days to 
stabilize their physiological conditions. Fish were handled 
following the principles and regulations for protecting ani-
mals used for scientific purposes (RD 53/2013), except 
for chemical anesthetics, which could interfere with some 
biomarkers analysis (Topic Popovic et  al. 2012; Teles 
et al. 2019). Shortly before blood extraction, the physi-
cal method of gradual cooling was used to achieve a deep 
plane of anesthesia. This method has proven helpful during 
short-term procedures, such as intraperitoneal injections in 
fish (Wilson et al. 2009; Collymore et al. 2014). Individual 
blood samples were collected from the caudal vein and 
smeared on clean glass slides. Immediately after blood 
sampling, fish were killed by cervical severance. Bile 
fluid was collected by a disposable syringe after opening 
up the body cavity of the fish. Bile samples were imme-
diately frozen in microtubes and stored (− 80 °C) until 
analysis. After that, the brain, muscle, liver, and gonads 
were dissected, weighed, and stored for subsequent bio-
logical analysis and the calculation of the physiological 
parameters. Liver and brain tissue for biomarker determi-
nations were stored in liquid nitrogen at − 196 °C. Gonads 
were fixed in a formaldehyde-buffered solution for 24 h 
and subsequently stored in ethanol 70% until further pro-
cessing. Finally, the otoliths were removed, cleaned, and 
dried, and the sagittal otoliths stored. Eviscerated eels 
were stored at − 20 °C until further processing for chemi-
cal analysis. Filet samples were always excised from the 
right side at the anus level. For each specimen, the total 
length (LT) (mm) and eviscerated body weight (WE) (g) 
were recorded. Additionally, the maximum pectoral fin 
length (LPF) and horizontal (Dh) and vertical diameters 
(Dv) of left eyes were measured (in mm) using a digital 
caliper (0.01–150 mm).

General physiological indicators

After fixation, gonads were embedded in paraffin, and 
5-μm-thick slices were cut and stained with hematoxy-
lin–eosin following standard methods. Fish age, sex, and 
developmental stage were assessed by a histological exami-
nation of the otoliths and gonads following the procedures 
described in Barcala et al. (2022). In short, otoliths were 
cleared in alcohol 96% and microscopically examined 
(40 × magnification) with reflected light against a dark back-
ground (ICES 2009). Two readers established fish age by 
counting the winter rings on each left otolith. Fulton condi-
tion factor (K), hepatosomatic index (HSI), and gonadoso-
matic index (GSI) were calculated. Briefly, K was individu-
ally calculated as K = 100·WE (g)/LT

3 (cm). HSI and GSI 
were also individually calculated as HIS = 100·liver weight 
(g)/WE (g) and GSI = 100·gonad weight (g)/ WE (g). The 
ocular index (OI) and the fin index (FI) were calculated 
using the following formulas: OI = ((Dv + Dh)/4)2·(π/LT)·100 
(Pankhurst 1982) and FI = (LPF/LT)·100 (Durif et al. 2005). 
The GSI is related to the level of gonad maturation and OI 
and FI with the metamorphosis process development. Eels 
were considered silver eels when GSI > 0.6, OI ≥ 6.5, and 
FI ≥ 4.9, while they were considered silvering eels if only 
some of the characters were present and yellow eels if none 
of them were present. The lipid content of each muscle 
sample was determined individually using Soxhlet extract 
obtained for organic contaminant analyses. Briefly, 10 mL 
of the extract was transferred to a weighed evaporating 
dish, and the solvent was evaporated and expressed as mg 
lipid·g−1 muscle tissue wet weight (w.w.).

Biomarker analysis

Biomarker analysis included acetylcholinesterase activity 
(AChE) in brain and muscle tissue, ethoxyresorufin-O-deeth-
ylase (EROD) activity in hepatic tissue, MN frequency in 
peripheral erythrocytes, and erythrocytic nuclear abnormali-
ties (ENA). In addition, the analysis of EROD activity in liver 
microsomes was performed following the fluorometric method 
described by Burke and Mayer (1974) and adapted to a micro-
plate reader (Martínez-Gómez et al. 2017). EROD activity 
is expressed as picomoles of resorufin generated per minute 
reaction time and milligrams of microsomal proteins (detailed 
information is provided in supplementary material). AChE 
activity was analyzed in the brain and muscle tissue following 
the method of Ellman et al. (1961), modified to a fluoromet-
ric method, and adapted to a microplate reader as described in 
Martínez-Gómez et al. (2017). AChE activity is expressed as 
nanomoles of thiocoline generated per minute reaction time and 
milligrams of cytosolic proteins (detailed information is pro-
vided in supplementary material). MN frequency was assessed 
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following the method and identification criteria described in 
Bolognesi et al. (2006). Glass slides containing smeared blood 
fish samples were dried overnight, fixed with methanol for 
30 min, and then stained with acridine orange. Only cells with 
intact cellular and nuclear membranes were considered. Addi-
tionally, erythrocytic nuclear abnormalities (ENAs) were also 
considered following the procedure described in Pacheco and 
Santos (2001). Nuclear lesions observed were scored into one 
of the following categories: micronuclei (M), lobed nuclei (L), 
dumbbell-shaped or segmented nuclei (S), and kidney-shaped 
nuclei (K). About 5000 erythrocytes per animal were analyzed 
by a fluorescence microscope (OLYMPUS BX43) under oil 
immersion at 1000 × magnification. Results of MN and ENA 
were expressed as ‰ (detailed information provided in the 
“Supplementary information”).

Chemical analysis

PAHs and their metabolites, organochlorine compounds, 
organophosphorus, and other current-use pesticides were 
among the four environmental chemical pollutants studied. 
Fish were individually analyzed for each group of com-
pounds. Approximately 2 g of lyophilized muscle tissue 
samples were Soxhlet extracted, and the final extracts were 
evaluated. The PAH analyses were conducted using high-
performance liquid chromatography with fluorescence detec-
tion (HPLC) (Alliance Waters 2695; fluorescence detector 
Waters 2475), following the methodology described in 
León et al. (2014). The following fourteen hydrocarbons 
were analyzed: fluorene, phenanthrene, anthracene, fluoran-
thene, pyrene, benzo[a]anthracene, chrysene, benzo[e]pyr-
ene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]
pyrene, benzo[g,h,i]perylene, dibenzo[a,h]anthracene, and 
indeno[1,2,3-c,d]pyrene (detailed information provided in 
supplementary material). Vertebrates metabolize PAHs rap-
idly, and the main environmental PAH metabolite detected 
in fish bile is 1-hydroxypyrene (1-OHPyr), contributing up 
to 76% of the sum of PAH metabolites (Kammann et al. 
2013). Concentrations of pyrenol (1-hydroxypyrene) and 
phenanthrol (1-hydroxyphenanthrene) were quantified in eel 
bile samples performing HPLC analysis and following the 
method described by Kammann (2007), with minor modifi-
cations (detailed information provided in the “Supplemen-
tary information”).

Organochlorine and organophosphorus compounds, and 
current-use pesticides were analyzed by gas chromatogra-
phy-mass spectrophotometry (GC–MS) using a GC 6890N 
coupled with an Inert XLD 5975 quadrupole mass spec-
trometer (Agilent) (detailed information provided in the 
“Supplementary information”). The analysis included the 
quantification in muscle tissue of the following compounds: 
polychlorinated biphenyls (PCBs) IUPAC No. 28, 52, 101, 
105, 118, 138, 153, 156, and 180, organochlorine pesticides 

dichloro-diphenyl DDXs (op′-DDT, pp′-DDT, pp′-DDE, pp′-
DDD), hexachlorocyclohexane isomers (α-HCH, β-HCH, 
and γ-HCH), HCB, cyclodiene insecticides (aldrin, dieldrin, 
endrin, and isodrin), trans-nonaclor (T-NNC), organophos-
phorus insecticides chlorpyrifos, fenchlorphos, trichloro-
nate, and prothiofos and the herbicides chlorthal-dimethyl 
(DCPA, Dachtal), and pendimethalin. Detection limits (DLs) 
of the contaminants analyzed are provided in the “Supple-
mentary information” (Table S1).

Data analysis

Statistical analyses were carried out using the SPSS statisti-
cal package (SPSS v. 15.0). Data were log-transformed (Log 
X) whenever required. The normality of data was tested 
by using Shapiro–Wilk. Before parametric analysis, the 
homogeneity of variances was checked using Levene’s test. 
According to the data nature, differences were checked by 
using parametric (t-test of the mean, 1-way ANOVA tests) 
or non-parametric tests (U-Mann–Whitney or Kruskal–Wal-
lis). If significant differences were found, Tukey, Tukey-b, or 
Tamhane T2 tests were applied for sampling site compari-
sons. A setting of α = 0.01 was used to compensate for the 
increased likelihood of type I error caused by the unbalanced 
sampling of eels (Kingsford 1998). Mean concentrations of 
contaminants were calculated only for groups where concen-
tration data above the DL represented ≥ 50% of samples. In 
these groups, half the DL was used for censored data (< DL). 
According to the data nature, Pearson and Spearman Rho 
correlation coefficients were calculated whenever required 
and where data were available. Contaminant concentrations 
in silvering eels caught at different sites/areas of the MML 
were compared whenever possible. Contaminant concentra-
tions and biomarker responses in eels at different life stages 
(yellow/silvering/silver) were also tested for differences. 
To date, the assessment criteria of contaminant-related 
biomarkers in Anguilla anguilla have not been established. 
Therefore, we compared our data with similar data from field 
studies conducted elsewhere on European eel. Observed 
chemical concentrations were assessed against established 
European thresholds for human consumption (Commission 
Regulation (EU) Nº 1259/2011), environmental assessment 
criteria (EAC in fish) where possible (OSPAR Commission 
2021), and environmental quality standards (EQS in fish) 
(European Commission 2014). In the framework of inter-
national assessment and advice, the International Council 
for the Exploration of the Sea (ICES) has developed the Eel 
Quality Index for Contaminants (EQI) (ICES 2012). EQI is 
derived from the Eel Quality Classes proposed by Belpaire 
and Goemans (2008). In our study, the distribution of ∑PCB 
(CB 28, 52, 101, 118, 138, 153, and 180) and ∑DDTs (sum 
of p,p´-DDT, p,p´-DDE, and p,p´-DDD) quality classes were 
calculated using data of yellow and silvering eels from the 
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Mar Menor (N = 18) and following the procedure and refer-
ence values established by Belpaire and Goemans (2008).

Results

Catch results, fish parameters, and indices

Silvering eels accounted for more than half of the catch 
(55%), followed by yellow eels (28%) and silver eels (17%). 
The capture size ranged from 9 to 19 individual eels per site 
(S1 = 19; S2 = 9; S3 = 15; S4 = 15). Yellow eels were primar-
ily derived from S1 (southern sub-basin), and silver eels 
from S4 (central sub-area) of the lagoon (Table 1). Detailed 
information on the sampling sites and fish captures is pro-
vided in Table S2.

As expected, lipid content was significantly lower in 
yellow than in silvering and silver eels (ANOVA 1-way, p 
value = 0.000; Tukey-b post hoc test) (Table 1). In addition, 
condition factor K showed significant differences between 
the three life stages, lowest in yellow and highest in silver 
eels (ANOVA 1-way, p value = 0.000; Tukey-b post hoc 
test). Eels at different life stages displayed similar HIS 
values, indicating a similar state of energy reserves in all 
specimens analyzed (ANOVA 1-way, p value = 0.059), even 
though HSI decreased with the maturation stage.

Biomarker responses

Biomarker responses were assessed in yellow and silvering 
eels captured in April 2014 from the southern sub-area of 
the lagoon (Fig. 2). Except for two specimens (undefined 
sex), all were classified as females. Hepatic EROD activ-
ity varied from 53.6 to 83.0 pmol·min−1·mg−1 microsomal 
protein (confidence interval of the mean (95% CI)) and was 
similar between yellow (N = 10) and silvering eels (N = 8) 
(t-test for the mean; p value = 0.497). The other variables 
(age, length, weight, lipid content in muscle, K, GSI, and 
HSI) did not show any significant correlations with EROD 
activity (N = 18; p > 0.05). Overall, yellow (N = 8) and silver-
ing eels (N = 8) had similar AChE activities in muscle tissue 
(72.7–91.6 nanomol·min−1·mg−1 protein; 95% CI); (t-test 
for the mean; p value = 0.402). However, AChE in the brain 
was higher in yellow (N = 8) than in silvering eels (N = 8) 
(t-test for the mean; p value = 0.020) (Fig. 2). Furthermore, 
brain AChE was inversely correlated with the age of the 
specimens (N = 16; Spearman-Rho coefficient =  − 0.687; p 
value = 0.002), the TL and WE of individuals, and K (Pear-
son’s coefficient >  − 0.57; p value < 0.05). The other variable 
lipid content in muscle, GSI and HSI, had no significant 
correlations with the brain AChE activities (N = 16; Pear-
son’s correlations; p > 0.05). The frequency of MN in eel 
erythrocytes ranged from 3 to 11‰ (mode of 3.2‰; n = 13), Ta
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and it was significantly higher in yellow (N = 7) than in sil-
vering eels (N = 6) (t-test for the mean; p value = 0.027). 
The predominant nuclear lesions after MN were segmented 
nucleus (S).

Bioaccumulation of organic contaminants

PAHs and PAH metabolites

The bulk of PAH homologues was found in low concen-
trations in eel muscle (Table 2). Overall, the lipid con-
tent did not correlate with PAH concentrations in mus-
cle tissue; the only exception was a weak correlation 
with indeno[1,2,3-c,d]-pyrene (Spearman-Rho coeffi-
cient = 0.397; p value = 0.008). Overall, PAH concentra-
tions were similar in yellow (N = 7), silvering (N = 26), 
and silver (N = 10) eels from the lagoon (p values > 0.01; 
Kruskal–Wallis and Tanhane T2 post hoc tests; ANOVA 
1-way and Tukey-b post hoc test; α = 0.01). The highest 
bioaccumulation of PAHs was mainly found for 3- and 
4-ring PAHs (phenanthrene, fluorene, anthracene, fluoran-
thene, pyrene, and anthracene), except indeno[1,2,3-c,d]-
pyrene, which was also found at high concentrations in 
some silvering and silver specimens (up to 22.2 µg·Kg−1 
w.w.). Overall, 1-OHPyr values were significantly higher 
in eels sampled in spring (N = 8) (0.82 ± 0.07 ng·µL−1 
bile) than in winter (N = 22) (0.31 ± 0.04 ng·µL−1 bile) 
(t-test for the mean; p value = 0.000). PAH metabolite 

concentrations in bile were not associated with EROD 
activity (N = 17), AChE activity (N = 15), and MN fre-
quency (N = 12) in eels (p value > 0.3 in all cases). The sil-
vering eels caught at different sites or sub-basins showed 
no clear spatial pattern in PAH concentrations and PAH 
metabolites (Table S3). In all analyzed samples, phen-
anthrol concentrations were below the detection limit 
(DL = 1.07 ng·µL−1). There were no significant correla-
tions between the individual’s parental PAHs or 1-OHPyr 
metabolite concentrations and the eel’s weight, length, and 
age (p value > 0.05).

Organochlorine compounds

PCBs, drins, trans-nonachlor, HCB, p,p′-DDT, and their 
degradation intermediates (DDXs) were found in muscle tis-
sue in eels from the MML, while concentrations of isodrin 
and hexachlorocyclohexane isomers (α-HCH, β-HCH, and 
γ-HCH) were below the detection limit in all analyzed sam-
ples (Table 3; Table S1). The predominant dichlorodiphenyl 
compound (DDXs) detected was p,p′-DDE. Negative and 
moderate correlations were found between the concen-
trations of PCBs, p,p′-DDE, p,p′-DDD, and aldrin of the 
individuals and their weight and length (p value < 0.05) 
(Table S4), which can be explained by growth dilution. 
∑9CB concentration was inversely correlated with the age 
of the individuals (Spearman-Rho coefficient =  − 0.539; 
p value = 0.021). Spatial comparison analyses were only 

Fig. 2   Biomarker responses 
(mean ± SE) in European eel 
(Anguilla anguilla) caught in 
spring from the Mar Menor 
lagoon (SE Spain) at yellow 
and silvering stages. Lowercase 
superscripts indicate inclusion 
in subgroups (t-test for the 
mean; p value < 0.05). Sampling 
size indicated between paren-
theses
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possible using data from silvering eels. Highest concentra-
tions of Dieldrin, CB 138, CB180, p,p′-DDD, and, p,p′-
DDE were found in eels caught from S1 in Spring (1-way 
ANOVA; p value < 0.01; Tukey-b test) (Table S5). For the 
rest of analyzed compounds, concentrations between eels 
from different sampling sites were found similar (Table S5). 
Overall, the highest mean concentrations of these com-
pounds were found in yellow eels, but significant differences 
among eel stages were not statistically proven. The lipid con-
tent did not correlate with the various organochlorine con-
centrations analyzed in this study, except T-NNC (Pearson 
coefficient r = 0.627; p value = 0.003) (Table S6).

Organophosphorus and other current‑use pesticides

Chlorpyrifos (up to 20.18 ng·g−1 w.w.) was detected in 
all samples except one. This compound was the most 
bioaccumulated organophosphorus pesticide in eels, its 
concentrations unrelated to the age, weight, length, and 
lipid content of individuals (p value > 0.05) (Table 3). 
The pesticide pendimethalin was detected only in eels 
caught during winter. Chlorthal-dimethyl (Dacthal) was 
detected in four of the five spring samples and one of the 
15 winter samples (Table 3). Fenchlorphos and prothi-
ofos concentrations were below the DL in all samples 
analyzed. The concentration of chlorpyrifos was similar 
in silvering eels from different sites of the lagoon (p 
value > 0.05) (Table S5).

Discussion

Environmental contaminant exposure in eels 
from Mar Menor

In this study, the eels analyzed were predominantly at the sil-
vering stage, meaning they underwent the metamorphosis pro-
cess from the “yellow” to “silver” stage. Most of the analyzed 
eels were sexually undefined or female individuals, in agree-
ment with previous studies indicating that females dominate 
the Mar Menor eel population (Barcala et al. 2022). The eel 
stage distribution obtained in our study agreed with the one 
obtained by commercial fisheries in the MML (Barcala et al. 
2022). This metamorphosis (from yellow to silver) involves 
morphological and physiological changes (i.e., lipid accumu-
lation) that prepare the fish for their trans-oceanic migration to 
the spawning grounds (Durif et al. 2005). An increased feed-
ing activity has been described in European eels during the 
warmer months relative to weaker but still significant activity 
in winter (Tesch 2003; Costa-Dias and Lobón-Cerviá, 2008). 
Therefore, the higher concentration of certain chemicals (i.e., 
1-OHPyr, 138CBs, 180 CBs, Endrin, p,p′-DDD, and p,p′-
DDT) in eels caught in spring compared to winter in MML 
was likely due to seasonal differences of feeding activity. Con-
cerning this subject, European eel (145 ± 22 g) collected near 
the end of spring from Vaccarés lagoon (France) were more 
contaminated than those caught in the winter, supporting our 
findings (Roche et al. 2002).

Table 2   Concentration 
(mean ± SE) and maximum 
value of polycyclic aromatic 
hydrocarbons (PAHs; µg·Kg−1 
wet weight) in muscle and 
OH-PAH metabolites in bile 
(ng·µL−1 bile) of European eels 
(Anguilla anguilla) from Mar 
Menor lagoon (SE Spain)

SE = standard error of the mean

Yellow Silvering Silver Total
PAHs N = 7 N = 26 N = 10 N = 43

Fluorene 0.47 ± 0.19 (1.5) 0.7 ± 0.08 (1.46) 0.51 ± 0.11 (1.02) 0.62 ± 0.07 (1.5)
Phenanthrene 1.35 ± 0.49 (4.08) 2.04 ± 0.2 (4.13) 1.68 ± 0.14 (2.49) 1.84 ± 0.15 (4.13)
Anthracene 0.16 ± 0.09 (0.66) 0.32 ± 0.06 (0.97) 0.05 ± 0.03 (0.28) 0.23 ± 0.04 (0.97)
Fluoranthene 0.97 ± 0.68 (5) 0.73 ± 0.1 (2.15) 0.46 ± 0.09 (0.7) 0.71 ± 0.13 (5)
Pyrene 0.81 ± 0.65 (4.73) 0.9 ± 0.22 (4.5) 0.4 ± 0.16 (1.81) 0.77 ± 0.17 (4.73)
Benzo(a)anthracene 0.06 ± 0.02 (0.12) 0.06 ± 0.01 (0.21) 0.12 ± 0.02 (0.18) 0.07 ± 0.01 (0.21)
Chrysene BDL BDL BDL BDL
Benzo(e)pyrene BDL (0.02) 0.15 ± 0.07 (1.14) 0.25 ± 0.12 (1.2) 0.15 ± 0.05 (1.2)
Benzo(b)fluoranthene 0.04 ± 0.01 (0.1) 0.05 ± 0.02 (0.42) 0.07 ± 0.02 (0.16) 0.05 ± 0.01 (0.42)
Benzo(k)fluoranthene BDL BDL (0.04) BDL (0.04) BDL (0.04)
Benzo(a)pyrene BDL BDL BDL BDL
Benzo(g,h,i)perylene BDL BDL BDL BDL (0.39)
Dibenzo(a,h)anthracene BDL BDL BDL BDL
Indeno[1,2,3-c,d]9pyrene BDL 2.12 ± 1.09 (22.24) 2.55 ± 2 (19.78) 1.87 ± 0.8 (22.24)
OH-PAHs N = 12 N = 30 N = 7 N = 49
1-OHPhen BDL BDL BDL BDL
1-OHPyr 0.65 ± 0.12 (1.21) 0.44 ± 0.06 (1.14) 0.4 ± 0.05 (0.6) 0.49 ± 0.05 (1.21)
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Most of the glass eel specimens reaching the Mar Menor 
stay and grow in the lagoon before migrating for reproduc-
tion (Peñalver et al. 2015). As expected, we found bioac-
cumulation of the major man-made PBT contaminants in 
pre-migrating eels, previously found in the sediment, water, 
and invertebrates from this lagoon (León et al. 2013, 2017; 
Moreno-González and León 2017). In addition, spatial 
analysis of bioaccumulation values suggests some mobility 
of the eels across the MML. A recent study showed non-
migrant eel movements back and forth across the channel 
that connects the Bages-Sigean coastal lagoon (France) with 
the Mediterranean Sea (Lagarde et al. 2021). Even if that 
could also be the case for eels living in the MML, exposure 
to contaminants is clearly higher in the lagoon than outside 
it, given the characteristics of the sedimentary basin. Con-
sequently, bioaccumulation of contaminants found in eels 

from the MML is a direct consequence of this ecosystem’s 
poor chemical environmental state.

Marine fish drink considerably more water than fish from 
freshwaters to regain the water lost by osmosis. Therefore, 
the exposure to waterborne contaminants and contaminated 
fish prey can be higher in eels inhabiting polluted hypersa-
line waters, such as MML, than in eels inhabiting polluted 
brackish or freshwater habitats. In this regard, we found that 
concentrations of some organochlorine compounds were 
one order of magnitude higher in eels from the MML than 
from other polluted freshwater habitats of Spain (Mean val-
ues ∑6PCBs = 26.6 ng·g −1 w.w.; p,p’-DDE = 29.9 ng·g −1 
w.w) (Bordajandi et al. 2003). Nonetheless, organochlorine 
compound bioaccumulation found in eels from MML was 
quite similar to data obtained in other European field studies 
(Corsi et al. 2005; Ferrante et al. 2010; Malarvannan et al. 

Table 3   Concentrations (mean ± SE and maximum value) of organochlorine compounds (ng·g−1 wet weight) and organophosphorus and other 
current-use pesticides (ng·g−1 wet weight) in muscle tissue of European eel (Anguilla anguilla) from Mar Menor lagoon (SE Spain)

(1) Sum of PCB28, PCB52, PCB101, PCB138, PCB153, and PCB180 according Commission regulation (EU) No 1259/2011 (maximum safe 
level ∑6CBs ≤ 300 ng·g−1 wet weight). SE = standard error of the mean; BDL = below detection limit
(2) Sum of op-DDT, pp-DDT, pp-DDE, and pp-DDD according Commission regulation (86/363/EEC—in meat) (maximum safe level 
∑DDTs ≤ 1000 ng·g−1 wet weight)

Yellow Silvering Silver Total
Sampling size N = 4 N = 14 N = 2 N = 20

α-HCH BDL BDL BDL BDL
β-HCH BDL BDL BDL BDL
γ-HCH BDL BDL BDL BDL
HCB 0.20 ± 0.09 (0.39) 0.31 ± 0.07 (0.87) 0.20 ± 0.03 (0.23) 0.28 ± 0.05 (0.87)
Aldrin 0.57 ± 0.16 (1) 0.59 ± 0.21 (2.34) 0.17 ± 0.12 (0.29) 0.55 ± 0.15 (2.34)
Isodrin BDL BDL BDL BDL
Dieldrin 1.39 ± 0.10 (1.63) 1.78 ± 0.33 (5.51) 0.74 ± 0.55 (1.28) 1.6 ± 0.25 (5.51)
Endrin 0.64 ± 0.11 (0.84) 0.76 ± 0.05 (0.96) 0.89 ± 0.04 (0.93) 0.75 ± 0.04 (0.96)
Trans-nonachlor 0.52 ± 0.03 (0.56) 0.66 ± 0.05 (1.17) 0.59 ± 0.01 (0.6) 0.62 ± 0.04 (1.17)
CB28 0.08 ± 0.05 (0.18) 0.09 ± 0.04 (0.42) BDL 0.08 ± 0.03 (0.42)
CB52 0.54 ± 0.16 (0.98) 0.56 ± 0.21 (2.29) 0.15 ± 0.1 (0.24) 0.51 ± 0.15 (2.29)
CB101 5.13 ± 0.93 (7.74) 5.73 ± 2.24 (22.48) 0.82 ± 0.05 (0.86) 5.12 ± 1.59 (22.48)
CB105 0.79 ± 0.16 (1.25) 0.95 ± 0.26 (3.82) 0.49 ± 0.12 (0.6) 0.87 ± 0.18 (3.82)
CB118 5.87 ± 1.22 (9.32) 5.86 ± 2.01 (24.18) 0.93 ± 0.56 (1.49) 5.37 ± 1.45 (24.18)
CB138 69.93 ± 19.07 (123.91) 67.96 ± 25.22 (257.67) 15.11 ± 7.7 (22.81) 63.07 ± 18.17 (257.67)
CB153 93.28 ± 27.11 (170.43) 88.46 ± 33.64 (348.23) 7.40 ± 3.11 (10.5) 81.32 ± 24.44 (348.23)
CB 156 3.02 ± 1.04 (5.95) 2.95 ± 1.15 (11.75) 0.44 ± 0.01 (0.44) 2.71 ± 0.84 (11.75)
CB 180 57.96 ± 20.96 (118.69) 55.63 ± 21.38 (210.82) 9.32 ± 4.49 (13.8) 51.46 ± 15.6 (210.82)
∑ 9CBs 226.91 ± 68.02 (421.93) 218.43 ± 82.62 (840.22) 32.78 ± 9.13 (41.91) 201.56 ± 59.86 (840.22)
∑ 6CBs (1) 236.59 ± 70.41 (438.45) 228.19 ± 85.98 (879.58) 34.63 ± 8.46 (43.09) 210.51 ± 62.28 (879.58)
pp-DDD 7.8 ± 1.39 (10.31) 6.35 ± 1.76 (22.36) 3.22 ± 0.84 (4.06) 6.33 ± 1.27 (22.36)
pp-DDE 146.35 ± 29.36 (220.91) 150.08 ± 53.36 (724.36) 46.16 ± 19.8 (65.95) 138.94 ± 37.99 (724.36)
op-DDT 1.29 ± 0.31 (2.03) 1.91 ± 0.29 (4.82) 1.86 ± 0.03 (1.89) 1.78 ± 0.21 (4.82)
pp-DDT 0.61 ± 0.06 (0.71) 0.84 ± 0.2 (3.27) 0.59 ± 0.08 (0.66) 0.77 ± 0.14 (3.27)
∑ DDTs (2) 156.05 ± 30.03 (232.63) 159.18 ± 55.30 (750.51) 51.82 ± 20.53 (72.35) 147.81 ± 39.36 (750.51)
Chlorpyrifos 2.95 ± 0.54 (3.64) 6.22 ± 1.45 (20.18) 6.28 ± 3.74 (10.03) 5.57 ± 1.09 (20.18)
Pendimethalin BDL 0.88 ± 0.16 (2.11) 1.47 ± 0.14 (1.61) 0.8 ± 0.14 (2.11)
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2014; Couderc et al. 2015). Concentrations of p,p′-DDE (up 
to 724.36 ng·g −1 w.w.), and HCB (up to 0.87 ng·g −1 w.w.) 
were likewise exceptional in several yellow and silvering 
MML specimens. Degradation intermediate p,p′-DDE is 
the most abundant DDX found in sediments from the MML 
(León et al. 2017). It is well known that DDE is transferred 
to benthic fish in higher concentrations through the sediment 
(Sakurai et al. 2009). Consequently, the high concentration 
of this contaminant in eels is explained by the burrowing 
behavior into the substrate during the daylight of this species 
and the p,p′-DDE contamination in MML sediments. Our 
findings also revealed that the youngest and smallest yellow 
and silvering eels from the MML were the most contami-
nated by organochlorine compounds (with particular refer-
ence to PCBs). Authors investigating eels from Vaccarés 
lagoon (France) had similar findings, supporting ours. These 
findings were linked to alterations in energy metabolism (an 
increase in energy demand and concomitant reduction of 
glycogen content) caused by exposure to organochlorine 
insecticides during an initial stress response, followed by an 
adaptive increase (recuperation phase) (Roche et al. 2000). 
This hypothesis is supported by the lowest values of fish 
condition (K) observed in yellow eels from the MML. On 
the other hand, our results revealed that current-use pesti-
cides, with particular reference to chlorpyrifos (insecticide 
used to control pests in agriculture activities and to control 
mosquitoes for public health purposes and on golf courses), 
have reached the non-target organisms living in the MML 
(up to 20.18 ng·g−1 w.w. of chlorpyrifos in eel muscle tis-
sue). This finding is concerning and consistent with previ-
ous results found in water and sediments from this lagoon 
(Moreno-González et al. 2013; Moreno-González and León 
et al. 2017). The bioaccumulation of current-use pesticides 
in eels seems to be linked with the seasonal (i.e., pendimeth-
alin and dacthal) and year-round use (i.e., chlorpyrifos) of 
these compounds in the Mar Menor area. Our results also 
confirmed that eels from the MML are moderately exposed 
to PAHs. The biliary concentrations of 1-OHPyr in eels from 
the lagoon were similar to those found in yellow eels in 
moderately polluted European and Mediterranean habitats 
(Wariaghli et al. 2015). The lack of correlation between PAH 
concentration and lipid content in eel’s muscle tissue found 
in our study was previously described by Roche et al. (2002) 
in Vaccarès lagoon (France) eels, supporting our findings. 
That can be explained by a growth dilution effect and the 
detoxification pathways in fish.

∑DDTs and ∑PCB levels were respectively deviating or 
strongly deviating from the reference values at respectively 
44.4% and 27.8% of the samples (Belpaire and Goemans 
2008) (Fig. 3). In fact, several individuals significantly surpassed 
the current maximum levels authorized for human consump-
tion of CBs (Sum of CB28, CB52, CB101, CB138, CB153 and, 

CB180 > 300 ng·g−1 w.w.) according to Commission Regula-
tion (EU) Nº 1259/2011 and overpassed the threshold values of 
Environmental Assessment Criteria of CB101, CB118, CB138, 
CB153, and CB180 (OSPAR Commission 2021) (Table S5). 
While the regulatory toxicity limits for single contaminants in 
seafood are intended to protect human health, it is widely rec-
ognized that the effects of the chemicals are often additive and 
sometimes synergistic. MML eel is sold in other parts of Spain 
and Europe, with the consumption of this species by the local 
population being negligible. According to European legislation 
(Commission Regulation (EU) No 1259/2011), the maximum 
safe level for the sum of PCB28, PCB52, PCB101, PCB138, 
PCB153, and PCB180 in the muscle meat of wild-caught eel 
(Anguilla anguilla) is 300 ng·g−1 wet weight. In our study, 20% 
of the eels analyzed exceeded this threshold. Previous research 
has shown that 13% of examined eels from MML contain levels 
of Pb in muscle tissue that are unsafe for human consumption 
(Romero et al. 2020). Concerns about human health have already 
been raised for chlorpyrifos (highest value found in MML eels 
of 20.18 ng·g−1 w.w.), notably concerning potential genotox-
icity, developmental neurotoxicity, and detrimental effects on 
children’s health (EFSA 2019). The use of this insecticide was 
banned in Europe in 2020, and the European Member States 
endorsed a Commission proposal to reduce the Maximum Resi-
due Levels (MRLs) for chlorpyrifos and chlorpyrifos-methyl in 
vegetables and fruits to the lowest level that can be determined 
by analytical laboratories (10 ng·g−1). Although Regulation (EC) 
No 1881/2006 and its amendments do not establish regulatory 
standards for p,p′-DDE, and HCB, concentrations of these con-
taminants were found one order of magnitude higher in this 
study than the background levels established in fish through 
regional cooperation (Robinson et al. 2017). The lack of sea-
food safety regulations for human consumption for some legacy 
chemicals (i.e., p-p'DDE, chlorpyrifos) that were measured in 
high concentrations in our study requires special action.

Fig. 3   Distribution of ∑PCB and ∑DDTs quality classes in yellow 
and silvering eels from the Mar Menor Lagoon (N = 18; samples 
obtained from 4 sites), according to reference values established by 
Belpaire and Goemans (2008). Sum PCBs equals the sum of the 7 
indicator congeners (CB 28, 52, 101, 118, 138, 153, and 180). Sum 
DDTs equals the sum of pp-DDT, pp-DDE, and pp-DDD
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Sub‑lethal effects of chemical pollution in eels 
from Mar Menor

Overall, the highest concentrations of most contaminants 
analyzed in this study were found in eels sampled in Spring 
(S1). Therefore, contaminant-related biomarkers evaluated 
in eels from S1 integrate well the environmental exposure of 
this species to contaminants bioavailable in the lagoon and 
provide warning signals of the potential biological impacts 
these organisms may be experiencing. The use of biomarkers 
in European eel for environmental monitoring began and had 
its peak in the 1990s and 2000s, but at present, the number of 
published studies is still limited. The environmental assess-
ment criteria for contaminant-related biomarkers in Anguilla 
anguilla have not yet been established. Because European 
eel does not undergo annual sex maturation, fluctuations in 
biomarker responses from non-pollutant factors are due to 
seasonal changes in seawater temperature and dietary habits 
rather than reproductive conditions. Our small data set did 
not allow proper correlation assessments between contami-
nant concentrations and biomarker responses. However, such 
correlations have been well described in several field and 
laboratory studies with European eel exposed to single and 
combined contaminants (van der Oost et al. 1997; Bonacci 
et al. 2003; Mariottini et al. 2003; Corsi et al. 2005).

Hepatic EROD activity is measured as a proxy of induc-
tion of the phase I metabolism for xenobiotics in fish. The 
highest levels of EROD activity (S9 liver fraction) in Euro-
pean eel have been found in summer and the lowest in winter, 
indicating that this system is temperature-dependent induced 
(Rotchell et al. 1999; Gorbi et al. 2005). Most field-based 
biomarker studies in pre-migrating eels have been performed 
in freshwater and brackish water continental habitats, and 
environmental and biological data in these studies are not 
always provided, limiting result comparisons. Nonetheless, 
mean EROD activities in yellow (65.5 ± 7.5 pmol·min−1·mg 
prot−1) and silvering eels (75.5 ± 12.7  pmol·min−1·mg 
prot−1) from the MML (Spring, 16 °C SWT) were higher 
than in eels from the Orbetello coastal lagoon (Italy), which 
is a brackish water impacted ecosystem that may reach 
hypersaline conditions in some areas, and higher than in 
eels from Tamar estuary (UK), which is considered as mini-
mally polluted (Table 4). On the other hand, EROD activi-
ties in eels from the Thames estuary (UK), the Netherlands, 
and NW Portuguese estuaries were higher than in eels from 
MML, suggesting a moderate induction of EROD baseline 
levels in pre-migrating eels from the MML (Table 4). Sup-
porting this suggestion, EROD values ranging from 25 to 
40 pmol·min−1·mg−1 prot. have been reported in European 
eel from relatively unpolluted environments or control treat-
ments (Table 4). Other authors have reported EROD micro-
somal activity ranging from 1 to 4 pmol·min−1·mg−1 prot. in 
small yellow eels (< 50 g) used as a control treatment under 

freshwater laboratory conditions and field-caging experi-
ments (Table 4). However, in such contaminant-exposure 
experiments, the inhibitory effect of the contaminant carrier 
on EROD activity could partially explain the low EROD 
activity in control treatments, as described by Bonacci et al. 
(2003). Age-related factors (such as lifetime exposure/accu-
mulation, food choice, and reproductive stage) may also have 
contributed to the observed variation. EROD activity was 
not strongly induced in MML eels (Table 4), but the effects 
of hormesis on EROD activity in eels inhabiting this lagoon 
should not be excluded.

AChE activities in eel from MML were rather similar 
in the brain (86.8 ± 3.7 nmol·min−1 mg prot−1) and muscle 
(82.1 ± 4.4 nmol·min−1 mg prot−1), which is consistent with 
previous research (Valbonesi et al. 2011). On the other hand, 
the analysis of individual data pointed out that brain AChE 
baseline levels could be related to eel growth and sexual 
maturation, with higher activities in yellow than in silvering 
and silver stages. This pattern has been observed in other 
fish species, such as Callionymus lyra, Serranus cabrilla, 
and Mullus barbatus  (Galgani et al. 1992). Like EROD 
activity, seasonal differences in AChE activity have been 
described, with the highest activities occurring during the 
summer (Guimaraes et al. 2009; Burgeot et al. 2012). AChE 
in yellow eels from MML had almost three times higher 
brain activity than yellow eels sampled under similar envi-
ronmental conditions (Spring; SWT = 18.7ºC) from several 
Portuguese estuaries (Guimaraes et al. 2009). Other authors 
have also found lower AChE activity than in our study, both 
brain, and muscle tissue, in yellow eels used as a control 
treatment (freshwater temperature 22 °C) (Fernández-Vega 
et al. 2002). Because of these findings, brain AChE activity 
in eels from MML did not appear to be inhibited by neuro-
toxicants, though more field data and experimental control 
data are needed to strengthen this assumption. The finding 
that eels from MML with higher concentrations of chlor-
pyrifos have reduced AChE activities was based on only 5 
individuals and chlorpyrifos concentrations ranging from 3 
to 7 ng·g−1 w.w. Despite this, further investigation is war-
ranted since chlorpyrifos levels reached 20 ng·g−1 (w.w.) in 
eel muscle tissue in both spring and winter samples.

Yellow (8.1 ± 0.8‰) and silvering eels (4.8 ± 2.1‰) from 
MML had a higher MN frequency in peripheral erythrocytes 
than yellow eels collected in a relatively unpolluted area of 
Aveiro lagoon (Portugal) and eels used as control treatment in 
laboratory experiments (from 0.0 to 0.6‰) (Guilherme et al. 
2010). Erythrocytic nuclear abnormalities (ENAs) obtained 
in MML eels were comparable to, in many cases, lower than 
ENA mean values reported in yellow eels employed as con-
trols in field studies and laboratory exposure tests (Oliveira 
et al. 2008; Guilherme et al. 2010). However, because the fre-
quency of each nuclear abnormality category is not included 
in most published studies, data cannot be directly compared. 
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Eels exposed to glyphosate-based herbicides (Guilherme et al. 
2010) had higher total ENAs than eels from MML, although 
showing different patterns, with most of the prevalent ENA 
linked to cytotoxicity events (kidney-shaped and lobed-shape 
nuclei) instead of genotoxicity events (MN and segmented 
nuclei). Since MN formation is a short-term response, the 
high MN frequency found in MML eels suggests they are 

subjected to exposure to genotoxic (potentially mutagenic) 
compounds. Cancer-prone benthic fish have the accumulation 
of contaminants associated with cancer prevalence (reviewed 
by Baines et al. 2021). Ribeiro et al. (2005) reported a range 
of liver and spleen lesions in European eel from the Camar-
gue Reserve in southern France, including accumulation of 
melanomacrophage centers (MMC), necrotic areas, hepatic 

Table 4   Hepatic microsomal EROD activity in the European eel (Anguilla anguilla) from field and laboratory studies (control treatments)

n.p. = info no provided. Asterisk indicates relatively unpolluted environment

Area Sampling 
season

Temperature 
ºC

Salinity PSU Eel stage (n) Total length 
(cm)

Wet weight 
(g)

EROD activity 
pmol/min/mg prot

Reference

Mar Menor 
lagoon 
(Spain)

Spring (April) 16 42–43 yellow (10) 42.5–48.0 98–148 45.5–79.6 This study

Mar Menor 
lagoon 
(Spain)

Spring (April) 16 42–43 silvering (8) 56.4–61.8 249.0–357.8 45.5–105.5 This study

Atlantic 
estuaries 
(Portugal)

Spring 18.7 6.1 yellow 
(20–40)

31.7–35.4 53.1–84.1 125–300 Guimaraes et al. 
2009

Thames estu-
ary (UK)

Spring (May) n.p 0.1–1.2 n.p. (1–9) 32–44 114 ± 15 100 to 300 Doyotte et al. 
2001

Tamar estuary 
(UK)

Summer 
(August)

n.p Brackish and 
freshwater

n.p. (8) 34–43 37 ± 8* Doyotte et al. 
2001

Thames estu-
ary (UK)

Spring (May) n.p 8–17 n.p. (8–10) 114 ± 15 111 ± 24 to 
355 ± 42

Livingstones 
et al. 2000

Amsterdam 
(Nether-
lands)

Summer 
(July)

20 Freshwaters n.p. (≥ 10) 46–62 130–410  < 100 up to 1600 Van der Oost 
et al. 1996a, b

Orbetello 
Lagoon 
(Italy)

Summer 
(June)

n.p From brackish 
to hypersa-
line waters

n.p. (15) n.p 35 17.3 to 32.5 Corsi et al. 2005

Field caging
(14 days)

Aude fresh-
water stream 
(France)

April

12–15 Freshwater yellow (6) n.p 25 50 Fenet et al. 1998

Field caging
(8 and 48 h)

Aveiro Har-
bour waters 
(Portugal)

October

21 Saltwater n.p. (5) n.p 50 1.85 Maria et al. 
2003

Laboratory 
exposure

Control treat-
ment

15 35 Yellow (10) 46.6 ± 9.8 n.p 192 ± 14 Lemaire-
Gony and 
Lemaire 1992

17.9 Freshwater yellow (6) n.p 25 24.7 ± 5 Fenet et al. 1998
17.5 Brackish 

waters
yellow (5) n.p 15–55 15–50 Hewitt 

et al. 1998
20–25 Freshwater n.p. (5) 32.5—35 50.70 32.1 ± 8.3 Bonacci et al. 

2003
n.p Freshwater n.p. (20) n.p n.p 209 ± 85 Agradi et al. 

2000
20 ± 1 Freshwater n.p. (5) 32.9 ± 2.6 72.6 ± 21.4 4.1 ± 2.5 Mariottini 

et al. 2003
20 Freshwater Yellow (5) 25.0 ± 3.0 30–50  < 1 to 8 Pacheco and 

Santos 2001; 
Teles et al. 
2003
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lipidosis, and various stages of tumor development (neopla-
sia). These lesions in eels and other bottom-dwelling fish spe-
cies are associated with chronic exposure to toxic and carci-
nogenic chemicals (Vethaak et al. 1996; Baines et al. 2021). 
To determine if such toxicopathic lesions also occur in MML 
eels, histopathological analysis of their livers and spleens 
would be necessary.

Need for further pollution biomonitoring with eels 
from Mar Menor

Unlike most species, the European eel only spawns once at 
the end of its life, and the pre-migrating eel’s health and fit-
ness are thus crucial for successful reproduction. Our find-
ings offer a snapshot of the chemical environmental state in 
which pre-migrating eels find themselves during their seden-
tary phase in the MML, which lasted roughly from 2008 to 
2015 (age range of the studied eels). Unfortunately, the MML 
has been affected since 2016 by periodic algal blooms and 
severe dystrophic crises, which caused organisms die-offs, 
including European eel (the most dramatic events recorded in 
October 2019; personal communication) and a drastic reduc-
tion in biodiversity (Belando-Torrente et al. 2019; Caballero 
et al. 2022). Biomonitoring of MML eels, including histo-
pathological examination, is therefore recommended.

Conclusions

We found that pre-migrating eels inhabiting the Mar Menor 
lagoon bioaccumulate persistent and toxic contaminants in 
their tissues and show early warning signals of genotoxic 
effects. In accordance with the EU Marine Strategy Frame-
work Directive, contamination levels found MML eels are 
relevant to human health consumption and environmental 
quality assessment, stock protection, and sustainable use of 
this species in coastal lagoons that flow into the Mediter-
ranean Sea (European Eel Regulation EC No 1100/2007). 
Yellow and silvering eels from the MML were deviating 
from the reference values of ∑DDTs and ∑PCB estab-
lished for this species. The high concentrations of PCBs and 
p-p'DDE found in eels from MML are consistent with those 
reported in eels from other polluted areas of Europe and 
exceeded the current maximum levels of PCBs authorized 
for human consumption in 20% of cases. The occurrence of 
several current-use pesticides in eels, such as pendimethalin 
and chlorthal dimethyl, and the recently banned chlorpyrifos, 
has been confirmed for the first time in this species.

This field study provides the first contaminant-related bio-
marker responses in pre-migrating European eel that grow 
and mature in a permanent hypersaline habitat. Biomarker 
results contribute to the knowledge of the natural limits of 
the variability of EROD and AChE activities and genotoxic 

responses in this specie that usually inhabits chemically con-
taminated habitats.

Additionally, the high frequency of micronuclei observed 
in blood erythrocytes suggests genotoxic and progenotoxic 
compounds are bioavailable to MML eels. The observed 
genotoxic effects in MML eels indicate health risks (e.g., 
carcinogenic and reproductive impairments) for this vulner-
able species. Given its physiological and ecological charac-
teristics, the European eel may be the best of all available 
fish species for monitoring chemical pollution in the MML 
for the WFD and MSFD. To adequately assess the potential 
health risks associated with the presence of regulated and 
non-regulated chemical contaminants, further biomonitoring 
studies and research are urgently needed.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​023-​27871-9.

Acknowledgements  The authors are indebted to the artisanal fish-
ermen of the Mar Menor lagoon, who generously contributed their 
eel catches to the realization of this study. Dr. Estíbaliz Díaz (AZTI, 
Basque Country) provided significant feedback to the authors. The 
authors also acknowledge the personnel C. Bultó, I. García-Agüera, 
C. Navarro, T. Oporto, and J. Valdés from IEO-CSIC (Oceanographic 
Centre of Murcia, Spain) for their assistance during tissue sampling 
and laboratory analysis. We thank the anonymous reviewers for criti-
cally reading the manuscript and suggesting substantial improvements.

Author contribution  Victor León and Concepción Martínez-Gómez 
contributed to the study conception. Victor León and Elena Barcala 
were responsible for funding acquisition, management, coordination, 
and planning of samplings. Material preparation and data collection 
were performed by Victor León, Elena Barcala, Concepción Martínez-
Gómez, and Beatriz Fernández. Chemical analyses were performed by 
Victor León, Víctor García Aparicio, and Angel Gea-Pacheco. Bio-
logical and biochemical analyses were performed by Elena Barcala, 
Concepción Martínez-Gómez, Beatriz Fernández, and Esther Jumilla. 
Statistical analyses were performed by Concepción Martínez Gómez 
and Beatriz Fernández. The first draft of the manuscript was written 
by Concepción Martínez-Gómez. and all authors commented on pre-
vious versions of the manuscript. All authors read and approved the 
final manuscript.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This study was funded by the Seneca 
Foundation (Region of Murcia, Spain) (grants 15398/PI/10 and 19370/
PI/14) and by the Spanish Inter-Ministerial Science and Technology 
Commission (CICYT, CTM2008-01832).

Data availability  Data is available from the corresponding author upon 
request.

Declarations 

Ethical approval  The manuscript has not been submitted to more than 
one journal for simultaneous consideration. The manuscript has not 
been published previously (partly or in full). No data have been fabri-
cated or manipulated (including images) to support our conclusions. 
No data, text, or theories by others are presented as if they were the 
author’s own. The handling of fish was conducted according to the 
Spanish and European ethic principles and regulations on the welfare 
of animals used for scientific purposes (RD 53/2013).

https://doi.org/10.1007/s11356-023-27871-9


80119Environmental Science and Pollution Research (2023) 30:80106–80122	

1 3

Consent to participate  “Not applicable.”

Consent to publish  All authors have reviewed the final version and 
mutually agreed.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aalto E, Capoccioni F, Terradez Mas J, Schiavina M, Leone C, De Leo 
G, Ciccotti E (2016) Quantifying 60 years of declining European 
eel (Anguilla anguilla L., 1758) fishery yields in Mediterranean 
coastal lagoons. ICES J Mar Sci 73(1):101–110. https://​doi.​org/​
10.​1093/​icesj​ms/​fsv084

Agradi E, Baga R, Cillo F, Ceradini S, Heltai D (2000) Environmental 
contaminants and biochemical response in eel exposed to Po river 
water. Chemosphere 41(10):1555–1562. https://​doi.​org/​10.​1016/​
s0045-​6535(00)​00067-9

Amilhat E, Aarestrup K, Faliex E, Simon G, Westerberg H, Righton 
D (2016) First evidence of European eels exiting the Mediterra-
nean Sea during their spawning migration. Sci Rep-UK 6(1):1–9. 
https://​doi.​org/​10.​1038/​srep2​1817

Baines C, Lerebours A, Thomas F, Fort J, Kreitsberg R, Gentes S, 
... Sepp T (2021) Linking pollution and cancer in aquatic envi-
ronments: a review. Environ Int 149:106391. https://​doi.​org/​10.​
1016/j.​envint.​2021.​106391

Barcala E, Romero D, Bultó C, Boza C, Peñalver J, María-Dolores 
E, Muñoz P (2022) An endangered species living in an endan-
gered ecosystem: population structure and growth of European 
eel Anguilla anguilla in a Mediterranean coastal lagoon. Reg Stud 
Mar Sci 50:102163. https://​doi.​org/​10.​1016/j.​rsma.​2022.​102163

Belando-Torrente MD, García-Muñoz R, Ramos Segura A, Ber-
nardeau-Esteller J, Giménez-Casero J, Marín-Guirao L, … Ruiz 
JM (2019) Collapse of macrophytic communities in a eutrophi-
cated coastal lagoon. Frontiers in Marine Sciences. Conference 
abstract: XXth Iberian Symposium on Marine Biology Studies 
(SIEBM XX). https://​doi.​org/​10.​3389/​conf.​fmars.​2019.​08.​00192

Belpaire C, Goemans G (2007) Eels: contaminant cocktails pinpointing 
environmental contamination. ICES J Mar Sci 64(7):1423–1436. 
https://​doi.​org/​10.​1093/​icesj​ms/​fsm121

Belpaire C, Goemans G (2008) The European eel Anguilla anguilla, a 
rapporteur of the chemical status for the Water Framework Direc-
tive? Vie Et Milieu - Life and Environment 57(4):235–252

Belpaire C, Hodson P, Pierron F, Freese M (2019) Impact of chemical 
pollution on Atlantic eels: facts, research needs, and implications 
for management. Curr Opin Env Sci Health 11:26–36. https://​doi.​
org/​10.​1016/j.​coesh.​2019.​06.​008

Bolognesi C, Perrone E, Roggieri P, Pampanin DM, Sciutto A (2006) 
Assessment of micronuclei induction in peripheral erythrocytes 

of fish exposed to xenobiotics under controlled conditions. Aquat 
Toxicol 78:S93–S98. https://​doi.​org/​10.​1016/j.​aquat​ox.​2006.​02.​
015

Bonacci S, Corsi I, Chiea R, Regoli F, Focardi S (2003) Induction of 
EROD activity in European eel (Anguilla anguilla) experimen-
tally exposed to benzo[a]pyrene and β-naphthoflavone. Envi-
ron Int 29(4):467–473. https://​doi.​org/​10.​1016/​S0160-​4120(03)​
00005-9

Bordajandi LR, Gómez G, Fernández MA, Abad E, González RJ, MJ. 
(2003) Study on PCBs, PCDD/Fs, organochlorine pesticides, 
heavy metals and arsenic content in freshwater fish species from 
the River Turia (Spain). Chemosphere 53(2):163–171. https://​
doi.​org/​10.​1016/​S0045-​6535(03)​00417-X

Burgeot T, Bocquené G, Forget-Leray J, Guilhermino L, Martínez-
Gómez C, Lehtonen K (2012) Background document: ace-
tylcholinesterase assay as a method for assessing neurotoxic 
effects in aquatic organisms. In: Davies IM, Vethhak AD (eds) 
Integrated marine environmental monitoring of chemicals and 
their effects. ICES CRR No. 315. Anex 6. pg 49–53. ISBN 
978–87–7482–120–5.

Burke MD, Mayer RT (1974) Ethoxyresorufin: direct fluorimetric assay 
of a microsomal O-dealkylation which is preferentially inducible 
by 3- methylcholanthrene. Drug Metab Dispos 2(6):583–588

Caballero I, Roca M, Santos-Echeandía J, Bernárdez P, Navarro G 
(2022) Use of the Sentinel-2 and landsat-8 satellites for water 
quality monitoring: an early warning tool in the Mar Menor 
Coastal Lagoon. Remote Sens 14(12):2744

Cataudella S, Crosetti D, Ciccotti E, Massa F (2014) Sustainable man-
agement in Mediterranean coastal lagoons: interactions among 
capture fisheries, aquaculture and environment. In: Cataudella S, 
Crosetti D, Massa F (eds) Mediterranean coastal lagoons: sustain-
able management and interactions among aquaculture, capture 
fisheries and environment. N. 95. Rome, FAO. 288 pp. General 
Fisheries Commission for the Mediterranean. Studies and Reviews

Collymore C, Tolwani A, Lieggi C, Rasmussen S (2014) Efficacy 
and safety of 5 anesthetics in adult zebrafish (Danio rerio). J Am 
Assoc Lab Anim 53(2):198–203

Conesa HM, Jiménez-Cárceles FJ (2007) The Mar Menor lagoon (SE 
Spain): a singular natural ecosystem threatened by human activi-
ties. Mar Pollut Bull 54(7):839e849

Corsi I, Mariottini M, Badesso A, Caruso T, Borghesi N, Bonacci 
S, ... Focardi S (2005) Contamination and sub-lethal toxico-
logical effects of persistent organic pollutants in the Euro-
pean eel (Anguilla anguilla) in the Orbetello lagoon (Tuscany, 
Italy).  Hydrobiol  550(1):237–249. https://​doi.​org/​10.​1007/​
s10750-​005-​4392-y

Costa-Dias S, Lobón-Cerviá J (2008) Diel feeding activity and intensity 
in the European eel Anguilla anguilla (L.) during an annual cycle 
in a Cantabrian stream. Knowl Manag Aquat Ec 01(390–391):01. 
https://​doi.​org/​10.​1051/​kmae/​20080​10

Couderc M, Poirier L, Zalouk-Vergnoux A, Kamari A, Blanchet-
Letrouvé I, Marchand P, … Le Bizec B (2015) Occurrence of 
POPs and other persistent organic contaminants in the European 
eel (Anguilla anguilla) from the Loire estuary, France. Sci Total 
Environ 505:199–215. https://​doi.​org/​10.​1016/j.​scito​tenv.​2014.​
09.​053

Doyotte A, Mitchelmore CL, Ronisz D, McEvoy J, Livingstone DR, 
Peters LD (2001) Hepatic 7-ethoxyresorufin O-deethylase activ-
ity in eel (Anguilla anguilla) from the Thames Estuary and 
comparisons with other United Kingdom estuaries. Mar Pollut 
Bull 42(12):1313–1322. https://​doi.​org/​10.​1016/​s0025-​326x(01)​
00141-2

Durif CMF, Dufour S, Elie P (2005) The silvering process of Anguilla 
anguilla: a new classification from the yellow resident to the sil-
ver migrating stage. J Fish Biol 66:1025–1043. https://​doi.​org/​10.​
1111/j.​1095-​8649.​2005.​00662.x

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/icesjms/fsv084
https://doi.org/10.1093/icesjms/fsv084
https://doi.org/10.1016/s0045-6535(00)00067-9
https://doi.org/10.1016/s0045-6535(00)00067-9
https://doi.org/10.1038/srep21817
https://doi.org/10.1016/j.envint.2021.106391
https://doi.org/10.1016/j.envint.2021.106391
https://doi.org/10.1016/j.rsma.2022.102163
https://doi.org/10.3389/conf.fmars.2019.08.00192
https://doi.org/10.1093/icesjms/fsm121
https://doi.org/10.1016/j.coesh.2019.06.008
https://doi.org/10.1016/j.coesh.2019.06.008
https://doi.org/10.1016/j.aquatox.2006.02.015
https://doi.org/10.1016/j.aquatox.2006.02.015
https://doi.org/10.1016/S0160-4120(03)00005-9
https://doi.org/10.1016/S0160-4120(03)00005-9
https://doi.org/10.1016/S0045-6535(03)00417-X
https://doi.org/10.1016/S0045-6535(03)00417-X
https://doi.org/10.1007/s10750-005-4392-y
https://doi.org/10.1007/s10750-005-4392-y
https://doi.org/10.1051/kmae/2008010
https://doi.org/10.1016/j.scitotenv.2014.09.053
https://doi.org/10.1016/j.scitotenv.2014.09.053
https://doi.org/10.1016/s0025-326x(01)00141-2
https://doi.org/10.1016/s0025-326x(01)00141-2
https://doi.org/10.1111/j.1095-8649.2005.00662.x
https://doi.org/10.1111/j.1095-8649.2005.00662.x


80120	 Environmental Science and Pollution Research (2023) 30:80106–80122

1 3

Ellman GL, Courtney KD, Andres V, Featherstone RM (1961) A new 
and rapid colorimetric determination of acetylcholineserase activ-
ity. Biochem Pharmacol 7:88–95. https://​doi.​org/​10.​1016/​0006-​
2952(61)​90145-9

European Commission (2014) Common implementation strategy for 
the water framework directive (2000/60/EC) guidance document 
no. 32 on Biota Monitoring (The Implementation of EQSBIOTA 
under the water framework directive). Technical report – 2014 – 
083. https://​circa​bc.​europa.​eu/. Access 30 May 2023

European Food Safety Authority (EFSA) (2019) Chlorpyrifos: assess-
ment identifies human health effects. https://​www.​efsa.​europa.​eu/​
en/​press/​news/​chlor​pyrif​os-​asses​sment-​ident​ifies-​human-​health-​
effec​ts. Accessed 30 May 2023

Fenet H, Casellas C, Bontoux J (1998) Laboratory and field-caging 
studies on hepatic enzymatic activities in European eel and rain-
bow trout. Ecotoxicol Environ Saf 40(1–2):137–143. https://​doi.​
org/​10.​1006/​eesa.​1998.​1654

Fernández-Vega C, Sancho E, Ferrando MD, Andreu E (2002) 
Thiobencarb-induced changes in acetylcholinesterase activity 
of the fish Anguilla anguilla. Pestic Biochem Phys 72(1):55–63. 
https://​doi.​org/​10.​1006/​pest.​2001.​2581

Ferrando MD, Sancho E, Andreu-Moliner E (1991) Comparative acute 
toxicities of selected pesticides to Anguilla anguilla. J Environ Sci 
Health B 26(5–6):491–498. https://​doi.​org/​10.​1080/​03601​23910​
93727​51

Ferrante MC, Clausi MT, Meli R, Fusco G, Naccari C, Lucisan A 
(2010) Polychlorinated biphenyls and organochlorine pesticides 
in European eel (Anguilla anguilla) from the Garigliano River 
(Campania region, Italy). Chemosphere 8(6):709–716. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2009.​11.​026

Freese M, Sühring R, Marohn L, Pohlmann JD, Wolschke H, Byer JD, 
... Hanel R (2017) Maternal transfer of dioxin-like compounds in 
artificially matured European eels. Environ Pollut 227:348–356. 
https://​doi.​org/​10.​1016/j.​envpol.​2017.​04.​096

Freese M, Rizzo LY, Pohlmann JD, Marohn L, Witten PE, Gremse F, 
... Brinkmann M (2019) Bone resorption and body reorganiza-
tion during maturation induce maternal transfer of toxic metals 
in anguillid eels. P Natl Acad Sci-Biol 116(23):11339–11344. 
https://​doi.​org/​10.​1073/​pnas.​18177​38116

Galgani F, Bocquene G, Truquet P, Burgeot T, Chiffoleau JF, Claisse 
D (1992) Monitoring of pollutant biochemical effects on marine 
organisms of the French coasts. Oceanol Acta 15(4):355–364. 
https://​archi​mer.​ifrem​er.​fr/​doc/​00100/​21169/. Accessed 30 May 
2023

Geeraerts C, Belpaire C (2010) The effects of contaminants in Euro-
pean eel: a review. Ecotoxicology 19(2):239–266. https://​doi.​org/​
10.​1007/​s10646-​009-​0424-0

Gorbi S, Baldini C, Regoli F (2005) Seasonal variability of metal-
lothioneins, cytochrome P450, bile metabolites and oxyradical 
metabolism in the European eel Anguilla anguilla L. (Anguil-
lidae) and striped mullet Mugil cephalus L. (Mugilidae). Arch 
Environ Contam Toxicol 49(1):62–70. https://​doi.​org/​10.​1007/​
s00244-​004-​0150-9

Guilherme S, Gaivão I, Santos MA, Pacheco M (2010) European eel 
(Anguilla anguilla) genotoxic and pro-oxidant responses fol-
lowing short-term exposure to Roundup®—a glyphosate-based 
herbicide. Mutagenesis 25(5):523–530. https://​doi.​org/​10.​1093/​
mutage/​geq038

Guimaraes L, Gravato C, Santos J, Monteiro LS, Guilhermino L (2009) 
Yellow eel (Anguilla anguilla) development in NW Portuguese 
estuaries with different contamination levels. Ecotoxicology 
18(4):385–402. https://​doi.​org/​10.​1007/​s10646-​008-​0294-x

Hewitt S, Fenet H, Casellas C (1998) Induction of EROD activity in 
European eel (Anguilla anguilla) by different polychlorobiphe-
nyls (PCBs). Water Sci Technol 38(7):245–252. https://​doi.​org/​
10.​1016/​S0273-​1223(98)​00625-8

ICES (2011) Report of the 2011 session of the joint EIFAAC/ICES 
Working Group on eels Lisbon, Portugal, 5–9 september 2011. 
ICES CM 2011/ACOM:18. EIFA AC, ICES AC On Fisheries 
Management. Occasional Paper No.48. https://​www.​fao.​org/3/​a-​
i2541e.​pdf. Accessed 30 May 2023

ICES (2009) Workshop on age reading of european and american eel 
(WKAREA). 20–24 April. Bordeaux. France. ICES CM 2009\
ACOM:48, p. 66, Available at https://​www.​ices.​dk/​sites/​pub/​
Publi​cation%​20Rep​orts/​Expert%​20Gro​up%​20Rep​ort/​acom/​2009/​
WKAREA/​WKAREA%​202009.​pdf. Accessed 30 May 2023

ICES (2012) Report of the joint EIFAAC/ICES working group 
on eels (WGEEL), 3–9, Copenhagen, Denmark, ICES 2012/
ACOM:18.824 pp. www.​fao.​org/3/​i3196e/​i3196e.​pdf. Accessed 
30 May 2023

ICES (2019) Report of the Joint EIFAAC/ICES/GFCM working group 
on eels (WGEEL). ICES Scientific Reports 1:50. 177 pp. https://​
doi.​org/​10.​17895/​ices.​pub.​5545

Kammann U (2007) PAH metabolites in bile fluids of dab (Limanda 
limanda) and flounder (Platichthys flesus): spatial distribution and 
seasonal changes (7 pp). Environ Sci Pollut R 14(2):102–108. 
https://​doi.​org/​10.​1065/​espr2​006.​05.​308

Kammann U, Askem C, Dabrowska H, Grung M, Kirby MF, Koivisto P 
et al (2013) Interlaboratory proficiency testing for measurement of 
the polycyclic aromatic hydrocarbon metabolite 1-hydroxypyrene 
in fish bile for marine environmental monitoring. J AOAC Int 
96(3):635–641. https://​doi.​org/​10.​5740/​jaoac​int.​12-​0805

Kingsford MJ (1998) Analytical aspects of sampling design. Studying 
temperate marine enviroment. A handbook for ecologist, 49–83. 
Kingsford MJ and Battershill CN (Eds) Canterbury University 
Press, Christchurch, pp 344

Lagarde R, Peyre J, Amilhat E, Bourrin F, Prellwitz F, Simon G, Faliex 
E (2021) Movements of non-migrant European eels in an urban-
ised channel linking a Mediterranean lagoon to the sea. Water 
13(6):839. https://​doi.​org/​10.​3390/​w1306​0839

Lemaire-Gony S, Lemaire P (1992) Interactive effects of cadmium 
and benzo (a) pyrene on cellular structure and biotransformation 
enzymes of the liver of the European eel Anguilla anguilla. Aquat 
Toxicol 22(2):145–159.https://​doi.​org/​10.​1016/​0166-​445X(92)​
90029-M

León VM, Moreno-González R, González E, Martínez F, García V, 
Campillo JA (2013) Interspecific comparison of polycyclic aro-
matic hydrocarbons and persistent organochlorines bioaccumula-
tion in bivalves from a Mediterranean coastal lagoon. Sci Total 
Environ 463:975–987. https://​doi.​org/​10.​1016/j.​scito​tenv.​2013.​
06.​075

León VM, García I, Martínez-Gómez C, Campillo JA, Benedicto J 
(2014) Heterogeneous distribution of polycyclic aromatic hydro-
carbons in surface sediments and red mullet along the Spanish 
Mediterranean coast. Mar Pollut Bull 87(1–2):352–363. https://​
doi.​org/​10.​1016/j.​marpo​lbul.​2014.​07.​049

León VM, Moreno-González R, García V, Campillo JA (2017) Impact 
of flash flood events on the distribution of organic pollutants in 
surface sediments from a Mediterranean coastal lagoon (Mar 
Menor, SE Spain). Environ Sci Pollut Res 24(5):4284–4300. 
https://​doi.​org/​10.​1007/​s11356-​015-​4628-y

Livingstone DR, Mitchelmore CL, Peters LD, O’Hara SCM, Shaw JP, 
Chesman BS, Förlin L (2000) Development of hepatic CYP1A 
and blood vitellogenin in eel (Anguilla anguilla) for use as bio-
markers in the Thames Estuary, UK. Mar Environ Res 50(1–
5):367–371. https://​doi.​org/​10.​1016/​S0141-​1136(00)​00060-X

Malarvannan G, Belpaire C, Geeraerts C, Eulaers I, Neels H, Covaci 
A (2014) Assessment of persistent brominated and chlorinated 
organic contaminants in the European eel (Anguilla anguilla) 
in Flanders, Belgium: levels, profiles and health risk. Sci Total 
Environ 482–483:222–233. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2014.​02.​127

https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.1016/0006-2952(61)90145-9
https://circabc.europa.eu/
https://www.efsa.europa.eu/en/press/news/chlorpyrifos-assessment-identifies-human-health-effects
https://www.efsa.europa.eu/en/press/news/chlorpyrifos-assessment-identifies-human-health-effects
https://www.efsa.europa.eu/en/press/news/chlorpyrifos-assessment-identifies-human-health-effects
https://doi.org/10.1006/eesa.1998.1654
https://doi.org/10.1006/eesa.1998.1654
https://doi.org/10.1006/pest.2001.2581
https://doi.org/10.1080/03601239109372751
https://doi.org/10.1080/03601239109372751
https://doi.org/10.1016/j.chemosphere.2009.11.026
https://doi.org/10.1016/j.chemosphere.2009.11.026
https://doi.org/10.1016/j.envpol.2017.04.096
https://doi.org/10.1073/pnas.1817738116
https://archimer.ifremer.fr/doc/00100/21169/
https://doi.org/10.1007/s10646-009-0424-0
https://doi.org/10.1007/s10646-009-0424-0
https://doi.org/10.1007/s00244-004-0150-9
https://doi.org/10.1007/s00244-004-0150-9
https://doi.org/10.1093/mutage/geq038
https://doi.org/10.1093/mutage/geq038
https://doi.org/10.1007/s10646-008-0294-x
https://doi.org/10.1016/S0273-1223(98)00625-8
https://doi.org/10.1016/S0273-1223(98)00625-8
https://www.fao.org/3/a-i2541e.pdf
https://www.fao.org/3/a-i2541e.pdf
https://www.ices.dk/sites/pub/Publication%20Reports/Expert%20Group%20Report/acom/2009/WKAREA/WKAREA%202009.pdf
https://www.ices.dk/sites/pub/Publication%20Reports/Expert%20Group%20Report/acom/2009/WKAREA/WKAREA%202009.pdf
https://www.ices.dk/sites/pub/Publication%20Reports/Expert%20Group%20Report/acom/2009/WKAREA/WKAREA%202009.pdf
https://www.fao.org/3/i3196e/i3196e.pdf
https://doi.org/10.17895/ices.pub.5545
https://doi.org/10.17895/ices.pub.5545
https://doi.org/10.1065/espr2006.05.308
https://doi.org/10.5740/jaoacint.12-0805
https://doi.org/10.3390/w13060839
https://doi.org/10.1016/0166-445X(92)90029-M
https://doi.org/10.1016/0166-445X(92)90029-M
https://doi.org/10.1016/j.scitotenv.2013.06.075
https://doi.org/10.1016/j.scitotenv.2013.06.075
https://doi.org/10.1016/j.marpolbul.2014.07.049
https://doi.org/10.1016/j.marpolbul.2014.07.049
https://doi.org/10.1007/s11356-015-4628-y
https://doi.org/10.1016/S0141-1136(00)00060-X
https://doi.org/10.1016/j.scitotenv.2014.02.127
https://doi.org/10.1016/j.scitotenv.2014.02.127


80121Environmental Science and Pollution Research (2023) 30:80106–80122	

1 3

Maria VL, Correia AC, Santos MA (2003) Genotoxic and biochemi-
cal responses in caged eel (Anguilla anguilla L.) after short-term 
exposure to harbour waters. Environ Int 29(7):923–929. https://​
doi.​org/​10.​1016/​S0160-​4120(03)​00057-6

Marín-Guirao L, Cesar A, Marín A, Vita R (2005) Assessment of sedi-
ment metal contamination in the Mar Menor coastal lagoon (SE 
Spain): Metal distribution, toxicity, bioaccumulation and benthic 
community structure. Cienc Mar 31(2):413-428

Mariottini M, Corsi I, Bonacci S, Focardi S, Regoli F (2003) PCB 
muscle content and liver EROD activity in the European eel 
(Anguilla anguilla) treated with Aroclor 1254. Chem Ecol 
19(2–3):91–98. https://​doi.​org/​10.​1080/​02757​54031​00011​9861

Martínez-Gómez C, Fernández B, Robinson CD, Campillo JA, León 
VM, Benedicto J …, Vethaak AD (2017) Assessing environmental 
quality status by integrating chemical and biological effect data: 
the Cartagena coastal zone as a case. Mar Environ Res 124:106–
117. https://​doi.​org/​10.​1016/j.​maren​vres.​2016.​04.​008

Miller MJ, Westerberg H, Sparholt H, Wysujack K, Sørensen SR, 
Marohn L, … , Svendsen JC (2019) Spawning by the European 
eel across 2000 km of the Sargasso Sea. Biol Lett 15(4). https://​
doi.​org/​10.​1098/​rsbl.​2018.​0835

Miodovnik A (2011) Environmental neurotoxicants and developing 
brain. Mt Sinai J Med 78(1):58–77. https://​doi.​org/​10.​1002/​msj.​
20237

Moreno-González R, León VM (2017) Presence and distribution of 
current-use pesticides in surface marine sediments from a Medi-
terranean coastal lagoon (SE Spain). Environ Sci Pollut Res 
24(9):8033–8048. https://​doi.​org/​10.​1007/​s11356-​017-​8456-0

Moreno-González R, Campillo JA, León VM (2013) Influence of an 
intensive agricultural drainage basin on the seasonal distribution 
of organic pollutants in seawater from a Mediterranean coastal 
lagoon (Mar Menor, SE Spain). Mar Pollut Bull 77(1–2):400–411. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2013.​09.​040

Moreno-González R, Rodríguez-Mozaz S, Gros M, Barceló D, León 
VM (2015) Seasonal distribution of pharmaceuticals in marine 
water and sediment from a Mediterranean coastal lagoon (SE 
Spain). Environ Res 138:326–344. https://​doi.​org/​10.​1016/j.​
envres.​2015.​02.​016

Oliveira M, Serafim A, Bebianno MJ, Pacheco M, Santos MA (2008) 
European eel (Anguilla anguilla L.) metallothionein, endocrine, 
metabolic and genotoxic responses to copper exposure. Ecotoxicol 
Environ Saf 70(1):20–26. https://​doi.​org/​10.​1016/j.​ecoenv.​2007.​
10.​034

OSPAR Commission (2021) 2020 Updated audit trail of OSPAR envi-
ronmental assessment criteria (EAC) and other assessment criteria 
used to distinguish above and below thresholds. Hazardous Sub-
stances and Eutrophication Series, p 28. https://​www.​ospar.​org/​
docum​ents?v=​46271. Accessed 30 May 2023

Pacheco M, Santos MA (2001) Tissue distribution and temperature-
dependence of Anguilla anguilla L. EROD activity following 
exposure to model inducers and relationship with plasma cortisol, 
lactate and glucose levels. Environ Int 26(3):149–155. https://​doi.​
org/​10.​1016/​s0160-​4120(00)​00101-x

Pankhurst NW (1982) Relation of visual changes to the onset of sexual 
maturation in the European eel Anguilla anguilla (L.). J Fish Biol 
21(2):127–140. https://​doi.​org/​10.​1111/j.​1095-​8649.​1982.​tb039​
94.x

Peñalver J, Muñoz P, Romero E, Barcala E, Dolores EM (2015) First 
record of the juvenil phase of European eel Anguilla anguilla, 
in the hypersaline coastal lagoon Mar Menor, southeast Spain. 
Rev Biol Mar Oceanog 50(2):391–395. https://​doi.​org/​10.​4067/​
S0718-​19572​01500​03000​18

Pike C, Crook V, Gollock M (2020) Anguilla anguilla. The IUCN Red 
List of Threatened Species 2020: e.T60344A152845178. https://​
www.​iucnr​edlist.​org Downloaded on 29 October 2022

RAC/SPA, Specially Protected Areas Regional Activity Centre (2020) 
http://​www.​rac-​spa.​org/​spami. Downloaded on 10 February 2022

Ribeiro CO, Vollaire Y, Sanchez-Chardi A, Roche H (2005) Bioac-
cumulation and the effects of organochlorine pesticides, PAH 
and heavy metals in the Eel (Anguilla anguilla) at the Camargue 
Nature Reserve, France. Aquat Toxicol 74(1):53–69. https://​doi.​
org/​10.​1016/j.​aquat​ox.​2005.​04.​008

Robinet TT, Feunteun EE (2002) Sublethal effects of exposure to chem-
ical compounds: a cause for the decline in Atlantic eels? Ecotoxi-
cology 11(4):265–277. https://​doi.​org/​10.​1023/A:​10163​52305​382

Robinson CD, Webster L, Martínez-Gómez C, Burgeot T, Gubbins 
M J, Thain J E, ... Hylland K (2017) Assessment of contaminant 
concentrations in sediments, fish and mussels sampled from the 
North Atlantic and European regional seas within the ICON pro-
ject. Mar Environ Res 124:21–31. https://​doi.​org/​10.​1016/j.​maren​
vres.​2016.​04.​005

Roche H, Buet A, Jonot O, Ramade F (2000) Organochlorine residues 
in european eel (Anguilla anguilla), crucian carp (Carassius car-
assius) and catfish (Ictalurus nebulosus) from Vaccarès lagoon 
(French National Nature Reserve of Camargue)–effects on some 
physiological parameters. Aquat Toxicol 48(4):443–459. https://​
doi.​org/​10.​1016/​S0166-​445X(99)​00061-2

Roche H, Buet A, Ramade F (2002) Accumulation of lipophilic micro-
contaminants and biochemical responses in eels from the Cama-
rgue Biosphere Reserve. Ecotoxicology 11(3):155–164. https://​
doi.​org/​10.​1023/A:​10154​18714​492

Romero D, Barcala E, María-Dolores E, Muñoz P (2020) European 
eels and heavy metals from the Mar Menor lagoon (SE Spain). 
Mar Pollut Bull 158:111368. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2020.​111368

Rotchell JM, Bird DJ, Newton LC (1999) Seasonal variation in ethoxy-
resorufin O-deethylase (EROD) activity in European eels Anguilla 
anguilla and flounders Pleuronectes flesus from the Severn Estu-
ary and Bristol Channel. Mar Ecol Prog Ser 190:263–270

Ruiz JM, Albentosa M, Aldeguer B, Álvarez-Rogel J, Antón J, Belando 
MD, Bernardeu J, … , Yebra L (2020) Informe de evolución y 
estado actual del Mar Menor en relación al proceso de eutro-
fización y sus causas. Instituto Español de Oceanografía. Julio 
2020. https://​www.​miteco.​gob.​es/​es/​prensa/​infor​me-​ieo-​mar-​
menor.​aspx

Sakurai T, Kobayashi J, Imaizumi Y, Suzuki N (2009) Non-food-chain 
transfer of sediment-associated persistent organic pollutants to a 
marine benthic fish. Mar Pollut Bull 58(7):1072–1077. https://​doi.​
org/​10.​1016/j.​marpo​lbul.​2009.​04.​009

Steendam C, Verhelst P, Van Wassenbergh S, De Meyer J (2020) Bur-
rowing behaviour of the European eel (Anguilla anguilla): effects 
of life stage. J Fish Biol 97(5):1332–1342. https://​doi.​org/​10.​1111/​
jfb.​14481

Sühring R, Freese M, Schneider M, Schubert S, Pohlmann JD, Alaee 
M, ... , Marohn L (2015) Maternal transfer of emerging brominated 
and chlorinated flame retardants in European eels. Sci Total Envi-
ron 530:209–218. https://​doi.​org/​10.​1016/j.​scito​tenv.​2015.​05.​094

Teles M, Pacheco M, Santos MA (2003) Anguilla anguilla L. liver 
ethoxyresorufin O-deethylation, glutathione S-tranferase, erythro-
cytic nuclear abnormalities, and endocrine responses to naphtha-
lene and β-naphthoflavone. Ecotoxicol Environ Saf 55(1):98–107. 
https://​doi.​org/​10.​1016/​s0147-​6513(02)​00134-3

Teles M, Oliveira M, Jerez-Cepa I, Franco-Martínez L, Tvarijona-
viciute A, Tort L, Mancera JM (2019) Transport and recovery of 
gilthead sea bream (Sparus aurata L.) sedated with clove oil and 
ms222: effects on oxidative stress status. Front Physiol 10:523. 
https://​doi.​org/​10.​3389/​fphys.​2019.​00523

Tesch FW (2003) The eel, 5th edn. Blackwell Science, Oxford, p 434
Topic Popovic N, Strunjak-Perovic I, Coz-Rakovac R, Barisic J, 

Jadan M, Persin Berakovic A, Sauerborn KR (2012) Tricaine 

https://doi.org/10.1016/S0160-4120(03)00057-6
https://doi.org/10.1016/S0160-4120(03)00057-6
https://doi.org/10.1080/0275754031000119861
https://doi.org/10.1016/j.marenvres.2016.04.008
https://doi.org/10.1098/rsbl.2018.0835
https://doi.org/10.1098/rsbl.2018.0835
https://doi.org/10.1002/msj.20237
https://doi.org/10.1002/msj.20237
https://doi.org/10.1007/s11356-017-8456-0
https://doi.org/10.1016/j.marpolbul.2013.09.040
https://doi.org/10.1016/j.envres.2015.02.016
https://doi.org/10.1016/j.envres.2015.02.016
https://doi.org/10.1016/j.ecoenv.2007.10.034
https://doi.org/10.1016/j.ecoenv.2007.10.034
https://www.ospar.org/documents?v=46271
https://www.ospar.org/documents?v=46271
https://doi.org/10.1016/s0160-4120(00)00101-x
https://doi.org/10.1016/s0160-4120(00)00101-x
https://doi.org/10.1111/j.1095-8649.1982.tb03994.x
https://doi.org/10.1111/j.1095-8649.1982.tb03994.x
https://doi.org/10.4067/S0718-19572015000300018
https://doi.org/10.4067/S0718-19572015000300018
https://www.iucnredlist.org
https://www.iucnredlist.org
http://www.rac-spa.org/spami
https://doi.org/10.1016/j.aquatox.2005.04.008
https://doi.org/10.1016/j.aquatox.2005.04.008
https://doi.org/10.1023/A:1016352305382
https://doi.org/10.1016/j.marenvres.2016.04.005
https://doi.org/10.1016/j.marenvres.2016.04.005
https://doi.org/10.1016/S0166-445X(99)00061-2
https://doi.org/10.1016/S0166-445X(99)00061-2
https://doi.org/10.1023/A:1015418714492
https://doi.org/10.1023/A:1015418714492
https://doi.org/10.1016/j.marpolbul.2020.111368
https://doi.org/10.1016/j.marpolbul.2020.111368
https://www.miteco.gob.es/es/prensa/informe-ieo-mar-menor.aspx
https://www.miteco.gob.es/es/prensa/informe-ieo-mar-menor.aspx
https://doi.org/10.1016/j.marpolbul.2009.04.009
https://doi.org/10.1016/j.marpolbul.2009.04.009
https://doi.org/10.1111/jfb.14481
https://doi.org/10.1111/jfb.14481
https://doi.org/10.1016/j.scitotenv.2015.05.094
https://doi.org/10.1016/s0147-6513(02)00134-3
https://doi.org/10.3389/fphys.2019.00523


80122	 Environmental Science and Pollution Research (2023) 30:80106–80122

1 3

methane-sulfonate (MS-222) application in fish anaesthesia. J 
Appl Ichthyol 28(4):553–564. https://​doi.​org/​10.​1111/j.​1439-​
0426.​2012.​01950.x

UNEP/MAP (2018) Executive summary - 2017 Mediterranean qual-
ity status report. Un Environment/MAP Athens, Greece (2018). 
https://​www.​medqsr.​org/. Accessed 30 May 2023

Valbonesi P, Brunelli F, Mattioli M, Rossi T, Fabbri E (2011) Cho-
linesterase activities and sensitivity to pesticides in different tis-
sues of silver European eel, Anguilla anguilla. Comp Biochem 
Phys C 154(4):353–359. https://​doi.​org/​10.​1016/j.​cbpc.​2011.​07.​
003

van der Oost R, Goksøyr A, Celander M, Heida H, Vermeulen NP 
(1996a) Biomonitoring of aquatic pollution with feral eel 
(Anguilla anguilla) II. Biomarkers: pollution-induced biochemi-
cal responses. Aquat Toxicol 36(3–4):189–222. https://​doi.​org/​10.​
1016/​S0166-​445X(96)​00802-8

van der Oost R, Opperhuizen A, Satumalay K, Heida H, Vermeulen NP 
(1996) Biomonitoring aquatic pollution with feral eel (Anguilla 
anguilla) I. Bioaccumulation: biota-sediment ratios of PCBs, 
OCPs, PCDDs and PCDFs. Aquat Toxicol 35(1):21–46. https://​
doi.​org/​10.​1016/​0166-​445X(96)​00002-1

van Der Oost R, Vindimian E, Van den Brink PJ, Satumalay K, Heida 
H, Vermeulen NP (1997) Biomonitoring aquatic pollution with 
feral eel (Anguilla anguilla.) III. Statistical analyses of relation-
ships between contaminant exposure and biomarkers. Aquat 
Toxicol 39(1):45–75. https://​doi.​org/​10.​1016/​S0166-​445X(96)​
00851-X

van Ginneken V (2017) Is global warming the cause for the dwindling 
European eel population? OFOAJ 2(5):555597. https://​doi.​org/​10.​
19080/​OFOAJ.​2017.​02.​555597

van Ginneken VJ, Maes GE (2005) The European eel (Anguilla 
anguilla, Linnaeus), its lifecycle, evolution and reproduction: a 
literature review. Rev Fish Biol Fisher 15(4):367–398. https://​doi.​
org/​10.​1007/​s11160-​006-​0005-8

Vethaak AD, Jol JG, Meijboom A, Eggens ML, Rheinallt TA, Wester 
PW ... , Marquenie JM (1996) Skin and liver diseases induced 
in flounder (Platichthys flesus) after long-term exposure to 
contaminated sediments in large-scale mesocosms. Environ 
Health Perspect 104(11):1218–1229. https://​doi.​org/​10.​1289/​
ehp.​96104​1218

Vethaak AD, Davies IM, Thain JE, Gubbins MJ, Martínez-Gómez C, 
Robinson C… , Hylland K (2017) Integrated indicator framework 
and methodology for monitoring and assessment of hazardous 
substances and their effects in the marine environment. Mar Envi-
ron Res 124:11-20. https://​doi.​org/​10.​1016/j.​maren​vres.​2015.​09.​
010

Wariaghli F, Kammann U, Hanel R, Yahyaoui A (2015) PAH metabo-
lites in bile of European Eel (Anguilla anguilla) from Morocco. B 
Environ Contam Toxicol 95(6):740–744. https://​doi.​org/​10.​1007/​
s00128-​015-​1586-5

Whyte JJ, Jung RE, Schmitt CJ, Tillitt DE (2000) Ethoxyresorufin-
O-deethylase (EROD) activity in fish as a biomarker of chemical 
exposure. Crit Rev Toxicol 30(4):347–570. https://​doi.​org/​10.​
1080/​10408​44009​11592​39

Wilson JM, Bunte RM, Carty AJ (2009) Evaluation of rapid cooling 
and tricaine methanesulfonate (MS222) as methods of euthanasia 
in zebrafish (Danio rerio). J Am Assoc Lab Anim 48:785–789

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.1439-0426.2012.01950.x
https://doi.org/10.1111/j.1439-0426.2012.01950.x
https://www.medqsr.org/
https://doi.org/10.1016/j.cbpc.2011.07.003
https://doi.org/10.1016/j.cbpc.2011.07.003
https://doi.org/10.1016/S0166-445X(96)00802-8
https://doi.org/10.1016/S0166-445X(96)00802-8
https://doi.org/10.1016/0166-445X(96)00002-1
https://doi.org/10.1016/0166-445X(96)00002-1
https://doi.org/10.1016/S0166-445X(96)00851-X
https://doi.org/10.1016/S0166-445X(96)00851-X
https://doi.org/10.19080/OFOAJ.2017.02.555597
https://doi.org/10.19080/OFOAJ.2017.02.555597
https://doi.org/10.1007/s11160-006-0005-8
https://doi.org/10.1007/s11160-006-0005-8
https://doi.org/10.1289/ehp.961041218
https://doi.org/10.1289/ehp.961041218
https://doi.org/10.1016/j.marenvres.2015.09.010
https://doi.org/10.1016/j.marenvres.2015.09.010
https://doi.org/10.1007/s00128-015-1586-5
https://doi.org/10.1007/s00128-015-1586-5
https://doi.org/10.1080/10408440091159239
https://doi.org/10.1080/10408440091159239

	The impact of chemical pollution on the European eel (Anguilla anguilla) from a Mediterranean hypersaline coastal lagoon
	Abstract
	Introduction
	Material and methods
	Study area and sampling procedure
	General physiological indicators
	Biomarker analysis
	Chemical analysis
	Data analysis

	Results
	Catch results, fish parameters, and indices
	Biomarker responses
	Bioaccumulation of organic contaminants
	PAHs and PAH metabolites
	Organochlorine compounds
	Organophosphorus and other current-use pesticides


	Discussion
	Environmental contaminant exposure in eels from Mar Menor
	Sub-lethal effects of chemical pollution in eels from Mar Menor
	Need for further pollution biomonitoring with eels from Mar Menor

	Conclusions
	Anchor 22
	Acknowledgements 
	References


