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A B S T R A C T   

European eels (Anguilla anguilla) are an endangered species throughout their range, and chlorine organic com-
pounds are some of the most important pollutants for marine species. Data on contaminants in eel stocks remain 
incomplete, so organochlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs) in muscle of European 
eels from four Spanish Mediterranean ecosystems were analyzed. COPs are presents in eels from all areas, but 
some compounds are not detected: HCH α, β and γ (lindane), endosulfan sulfate, heptachlor, and PCBs 28, 52 and 
180. The high percentage of DDT 2,4′ in eels from S'Albufera des Grau Natural Park, an ecosystem with good 
ecological status according to the Water Framework Directive, and the presence of PCBs in S'Albufereta Natural 
Reserve indicate the need to carry out further studies in the future. The results obtained can improve the 
management of this species in the studied areas.   

1. Introduction 

Human activities are well-known sources of contaminants that can 
seriously damage the environment, a good example being oceanic 
contamination and the effects it has on wildlife. Chlorine organic pol-
lutants (COPs), as organochlorine pesticides (OCPs) and polychlorinated 
biphenyls (PCBs) are some of the most serious contaminants of natural 
systems due to their frequency of use over past decades and the fact that 
a non-negligible proportion of their active compounds does not reach 
the targeted organisms (Carles et al., 2021). Even though their use has 
been banned in many countries by the Stockholm Convention (UNEP, 
2018), they are still present in many marine environments (e.g. Neves 
et al., 2017; Olisah et al., 2021). They end up in rivers, seas and oceans, 
and can be absorbed by a wide range of organisms (e.g. Windsor et al., 
2019). Apart from absorption through gills and skin, carnivorous fish are 
particularly vulnerable to high contamination levels due to the effects of 
bioaccumulation and biomagnification (Belpaire and Goemans, 2007). 

Environmental pollutants as COPs are considered endocrine- 
disrupting by their ability to bind with estrogen receptors (see review 
in Mills and Chichester, 2005). OCPs have been proven to interfere with 
several corporal functions and metabolic systems in fauna. They disturb 

the normal function of the thyroid hormonal system (Brown et al., 2004; 
Langer, 2010), act as anti-androgens (Kelce et al., 1997) and affect the 
immune system (Martyniuk et al., 2016a, 2016b). OCP bioaccumulation 
can also impair reproductive migration in certain fish species since the 
exposure to OCPs decreases speed, swimming distances and body-turn 
angles (Pereira et al., 2012); furthermore, it also causes a highly sig-
nificant decrease in testicular testosterone concentrations during the 
spawning season and lowers spermatogonia number and size (Islam 
et al., 2017). Toxicological studies confirmed that PCBs can cause effects 
on the immune system (Henry, 2015); they are stressors to fish by 
metabolic disturbance and alteration of swimming performance (Belle-
humeur et al., 2016), they can also alter liver ultrastructure, and reduce 
the fecundity and hatching rate (Hugla and Thomé, 1999). The effects of 
COPs are particularly relevant in the European eel (Anguilla anguilla) 
(Geeraerts and Belpaire, 2010; van Ginneken et al., 2009a), a species 
listed as Critically Endangered on the International Union for Conser-
vation of Nature Red List (Pike et al., 2020), and the object of European 
Eel Regulation EC No. 1100/2007 (European Commission, 2007) 
implemented via a number of Eel Management Plans. This panmictic 
catadromous species conducts an extraordinary 5000–7000-km journey 
to the Sargasso Sea in the North Atlantic Ocean to spawn, from where 
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their larvae travel all the way back to Europe (Schmidt, 1923; Miller 
et al., 2015). 

Causative relationships between COP exposure and its biological 
effects are difficult to demonstrate. Nevertheless, effects in European 
eels have been reported at several levels of biological organization, from 
subcellular to organ, individual and population levels (ICES, 2018). For 
instance, Palstra et al. (2006) artificially stimulated female and male 
silver eels to reach maturation and breed, and then studied the effects of 
dioxin-like compounds on muscle and gonad tissues during embryonic 
development. They reported great differences in the embryonic devel-
opment of eel eggs and a correlation between embryo survival time and 
PCBs levels in the gonads. These disrupting effects occurred at levels 
below the EU eel-consumption standard. van Ginneken et al. (2009b) 
used swimming tunnels to demonstrate that PCB-exposure significantly 
reduces oxygen consumption during swimming, an effect that begins to 
have an impact at 400 km and then increases as time passes. 

The EIFAC/ICES Working Group on Eels (WGEEL) set up in 
September 2007 a European Eel Quality Database to collate recent data 
on contaminants and diseases throughout the distribution area of the 
European eel (Belpaire et al., 2011a). However, data on contaminants in 

eel stocks remain incomplete and so efforts are needed to update and 
extend this database (ICES, 2021). To improve insight into the current 
status of pollution by COPs in Mediterranean European eel populations, 
our study examined eels from four different Spanish locations affected 
by varying degrees of anthropogenic impact. Spatial variation in the 
level of COP pollution could shed light on the areas of most concern for 
contamination by these substances. Our initial hypothesis was that COPs 
can be present in eels from all studied ecosystems, so the reporting of the 
levels found could be useful in the population management. 

2. Material and methods 

2.1. Sampling area 

Eels were obtained from four Spanish Mediterranean ecosystems 
subjected to different degrees of anthropogenic pressure: i) S'Albufera 
des Grau Natural Park (AG), ii) S'Albufereta Natural Reserve (ANR), iii) 
El Hondo-Salinas de Santa Pola Natural Park (EH-SP), and iv) Albufera 
de Valencia (AV) (Fig. 1). These ecosystems are of great ecological value 
since they are Special Protection Areas for Birds, Sites of Community 

Fig. 1. Location of sampling areas from Spanish Mediterranean wetlands and coastal lagoons.  
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Interest (AG, ANR, AV), Natura 2000 areas (AG, ANR, AV) and impor-
tant wetlands included in the RAMSAR convention (ANR, EH-SP, AV). 

S'Albufera des Grau Natural Park (39◦58′35′′N 4◦14′23′′E) on the 
Balearic Island of Menorca has a surface area of 78 ha, with an average 
depth of 1.37 m and a maximum depth of 3 m. The lagoon receives 
freshwater from two streams that drain an area of 56 km2. These 
freshwater inputs are irregular and occur largely in spring and autumn. 
The lagoon is connected to the sea by a narrow, 500-m-long channel, Sa 
Gola, in which a small floodgate allows the lagoon-sea connection to be 
regulated when the sand barrier is open. The water of the lagoon is 
mesohaline with a salinity of 6–20 PSU. There is marked seasonality in 
the salinity and water levels due to the Mediterranean evaporation/ 
precipitation regime. According to the Water Framework Directive, the 
ecological status of this site is good to very good, the main threats being 
the spillage of slurry and the fall in the amount of inflowing freshwater 
(Govern de les Illes Balears, 2015). 

S'Albufereta Natural Reserve (39◦86′305′′N 03◦088′60′′E) is located 
in the bay of Pollença, in the northeast of the island of Mallorca (Balearic 
Islands). It is one of the most important wetlands in Mallorca, with 
211,43 ha protected as a Special Natural Reserve, a buffer zone of 
301,82 ha, and a 100-m security strip around the strict protection zone. 
This wetland lies the confluence of four freshwater streams, the largest 
of which is Torrent del Rec. These streams run down to a plain next to 
the sea bordered by a dune chain, open to the sea through Es Grau, and 
by a peripheral fifth stream. It enjoys a Mediterranean climate, with 
periods of summer drought and an average annual rainfall of about 708 
mm. It is separated from the sea to the east by a 100-m-wide sand bar, 
while inland it is surrounded by semi-abandoned farmland. According to 
the Water Framework Directive, its ecological status is good, the main 
threats to its conservation being spillage from sewage treatment and 
infiltration from septic tanks (Govern de les Illes Balears, 2015). 

El Hondo-Salinas de Santa Pola Natural Park (38◦11′N, 00◦45′W) lies 
a rural environment in the south of Alicante province, where two natural 
parks are crisscrossed and interconnected by an extensive network of 
canals and ponds. El Hondo consists of a complex of mesosaline and 
polysaline semi-artificial wetlands used to store irrigation water, while 
the neighbouring saltpans of Salinas de Santa Pola are fed by inflow from 
agricultural areas. These ecosystems are regarded as one of the most 
important wetlands in south-east Spain given that they are of vital 
importance for a vast variety of fauna and flora including many 
migratory birds. The main threats to these sites are low water levels and 
poor water quality (CHS, 2020). 

Albufera de Valencia (39◦19′54′′N 0◦21′08′′O) is a shallow hyper-
trophic lagoon (salinity 1–2 ‰, depth 1–3 m), situated 15 km south of 
the city of Valencia, with a surface area of 23.2 km2 (the second largest 
coastal lagoon in Spain). It is a freshwater lagoon since its connection to 
the sea is regulated and, according to the quality variables used by the 
Water Framework Directive (CHJ-GV-AV, 2019), it has a poor ecological 
status. Its poor trophic state is due to pressure from surrounding urban 
and agricultural environments that contaminate inflowing water with 
nutrients and phytosanitary products (CHJ-GV-AV, 2019). 

2.2. Sampling 

Eels were either bought from local fishermen in AV (n = 30) and EH- 
SP (n = 25) or fished using traditional gear in EH-SP (n = 5), ANR (n =
28) and AG (n = 30). Eels were sacrificed by sedation followed by an 
overdose of tricaine methanesulfonate (MS222) at 100 mg/L in accor-
dance with current legislation. The total length to the nearest millimeter 
and the total weight to the nearest gram were measured. Eels were then 
dissected to obtain sections (1–1.5 g) of muscle from an area 4–5 cm 
behind the anal cavity, which were then stored at − 20 ◦C until 
processed. 

2.3. Quantification of chlorinated compounds and GC/MS analysis 

A total of 20 OCPs were assayed: isomer mixture of hexa-
chlorocyclohexane (HCH) consisting of α, β and γ-HCH; 2,4′- and 4,4′- 
DDT and its metabolites (namely 2,4′- and 4,4′-DDD, as well as 2,4′- and 
4,4′-DDE); chlordane (cis and trans); and the cyclodiene insecticides 
endosulfan (I and II) and endosulfan sulfate, heptachlor and heptachlor 
epoxide A and B, aldrin, endrin and dieldrin. Similarly, seven indicator 
PCBs (CBs 28, 52, 101, 118, 138, 153 and 180) were targeted as they are 
often present in biotic and abiotic matrices, and are recognized as 
representative of the whole group of PCBs by the Agency for Toxic 
Substances and Disease Registry (ATSDR, 2020). 

Reference materials with a purity of 97–99.7 % (Dr. Ehrenstorfer 
GmbH, Augsburg, Germany) were used for the standard OCP prepara-
tion (final concentrations ranging from 10 ppb to 10 ppm). Likewise, a 
commercial mix of seven PCBs (SpexCertiPrep, Stanmore, UK) (10 μg/ 
mL in isooctane) was used for the single quantification of PCB congeners 
IUPAC 28, 52, 101, 118, 138, 153 and 180. Stock solutions (500 μg/mL) 
were prepared daily by dissolving the reference standards in acetone 
(Panreac). Working solutions for sample fortification and for injection in 
analytical systems were prepared by diluting stock solutions in n-hexane 
(Panreac®). 

The extraction protocol used in this study was adapted from a pro-
cedure employed by Mateo et al. (2012): samples were thawed at room 
temperature and 0.7 g of the tissue was chopped and mixed with 7 mL of 
n-hexane. The mixture was then homogenized and frozen overnight to 
allow the fat to precipitate. Five mL of the supernatant were added to 2 
mL of H2SO4; the tubes were subsequently shaken in an orbital shaker 
for 10 min, sonicated for 5 min and centrifuged at 1000 ×g for 5 min, 
and the acid-containing phase discarded. The above procedure was 
repeated until the acidic phase was completely clear. The obtained 
extract was subsequently evaporated, re-suspended in 200 μL n-hexane 
and used for the OCP and PCB concentration measurements. 

A Bruker Scion 456 triple quadrupole gas chromatograph mass 
spectrometer was used to analyze the samples. Analyte separation was 
performed using a Rxi-5 Sil MS column (30 m × 0.25 mm, i.d. × 0.25 
film thickness). The results were analyzed using specific GCMS software. 
The multiple-ramp temperature program used involved a first step of 
3.5 min at 70 ◦C, then the temperature was raised to 180 ◦C at a rate of 
25 ◦C/min. This was followed by an increase to 300 ◦C at a rate of 15 ◦C/ 
min, and a final increase to 325 ◦C at a rate of 50 ◦C/min, which was 
maintained for 5 min. The vaporized samples were injected in splitless 
mode at a column flow rate of 1.20 mL/min. The temperatures of the 
injection port, detector and interface were 280, 280 and 300 ◦C, 
respectively. PCB and OCP residues were quantitatively evaluated 
through the internal standard method (with 25 μg/L of PCB180 added at 
the beginning of the extraction process). The calibration curves were 
obtained by determining the relationship between the peak area and the 
concentrations of the different standards. Solvent blanks (consisting of 
500 μL n-hexane instead of tissue) were processed in parallel to the 
samples to guarantee the quality of the analyses. 

To verify the suitability and performance of the procedure, the ac-
curacy was estimated using recovery experiments that analyzed blank 
muscle tissue samples (n = 10) spiked with five concentration levels of 
the PCB and OCP mixtures. Previously, the blank samples were analyzed 
in triplicate to determine their content of analytes. Recoveries were 
obtained as the ratio (in %) between the calculated concentration of 
spiked samples and the theoretical added concentrations. The recovery 
percentages for PCB spiked samples were found to lie between 84 and 
104 % (CV < 20 %), while the recovery percentages for OCPs were 
between 87 and 112 % (CV < 20 %). The limit of quantification (LOQ) 
was established as the lowest concentration level validated with satis-
factory recovery values (70–110 %) and precision (RSD < 20 %). The 
limit of detection (LOD) was estimated as the analyte concentration that 
produced a peak signal that was three times the background noise in the 
chromatogram at the lowest fortification level studied for each 
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compound. The LODs of the analytes present in the blank tissue sample 
were estimated from the chromatograms corresponding to the analyzed 
blank sample (Hernández et al., 2005). The LODs for the OCPs and PCBs 
ranged between 0.070 and 1.124 μg/kg and 0.006 and 0.079 μg/kg lipid 
weight (l.w.), respectively. 

2.4. Statistical analysis 

Descriptive data of the COPs were expressed as the number and 
percentage, mean concentrations (reported on a lipid weight basis, μg/ 
kg l.w.), standard errors and maximums. Due to the non-normal distri-
bution of the data (Kolmogorov–Smirnov for whole population and 
Shapiro–Wilk test for ecosystem groups), the statistical analyses were 
performed using non-parametric tests (Kruskal-Wallis and Spearman 
tests). These statistical tests were limited to those chemicals that could 
be detected in >35 % of the samples (whole population). Chi-square 
tests were performed to compare the categorical variables (presence 
or absence of a compound). For all analyses, p values <0.05 were 
considered to be significant. 

3. Results 

Descriptive data of biometric measures (weight and total length) are 
given in Table 1. 

In the whole population, 84.7 % of the eels had <2 COPs, being these 
percentages between 75 (ANR) and 96.7 % (EH-SP); in addition, 20.3 % 
of the total number of eels did not have any of the 27 COPs analyzed 
(26.7 in AV and EH-SP, 17.9 in ANR, and 10.0 % in AG). Of the OCPs, the 
following compounds were not detected in any of the eel muscle sam-
ples: HCH α, β and γ (lindane), endosulfan sulfate and heptachlor. 
Similarly, PCBs 28, 52 and 180 were not detected. Of the remaining 
chemical compounds, many were only detected in a very small per-
centage of samples (<35 %), although given the relevance of the results 
(especially due to the influence of the sampling area) their main statis-
tical results were considered. Thus, concentrations of OCPs and PCBs in 
the whole eel population, as well as the number and percentage of 
samples where the compounds were detected, are shown in Table 2. 
However, the compounds that were only detected in a single specimen 
(DDT 4,4′, DDE 2,4′, endosulfan II, heptachlor epoxides A and B, and 
PCB-153) are not given. The compounds with highest mean concentra-
tions were endosulfan I, DDE 4,4′ and endrin. 

The results obtained from the four different sampling areas are 
shown in Table 3 and Fig. 2. Regarding the number of compounds 
detected, nine compounds were detected in ANR and AV, and five in AG 
and EH-SP; DDT 2,4′, DDD 2,4′ and endrin were found in all four areas, 
and chlordane cis and aldrin in three (Table 3). 

The chi-square test shows a statistical association (p < 0.05) between 
the presence of these compounds and eel-catching areas (moderate de-
gree of association, contingency coefficient = 0.39–0.64). 

In terms of biometric measures, a highly negative relationship (p <
0.01) between DDD 2,4′ concentrations and weight and total length (r =
− 0.703 and r = − 0.715, respectively), and a low correlation between 
DDT 2,4′ and total length (r = − 0.302, p < 0.05), were found. 

For comparisons between places, the Kruskal-Wallis test was only 
performed for DDT 2,4′, DDD 2,4′ and endrin. For 2,4′-DDT, the highest 
mean concentrations were detected in ANR and no statistically signifi-
cant differences between the other three areas were found; for DDD 2,4′

differences between EH-SP and AG were found; and for endrin, the 
highest mean concentrations were found in ANR, with significant dif-
ferences with the other three locations. Fig. 3 shows the concentrations 
of metabolites for each specimen with DDT 2,4′ > LOD. 

4. Discussion 

Several long-term monitoring programs show a general decrease in 
pesticides and PCBs (e.g. Beliaeff et al., 1997), by the reduction in the 
use and discharge of COPs in the northern hemisphere (Islam and 
Tanaka, 2004) and by the efficiency of the European risk-management 
measures (Water Framework Directive in European Communities, 
2000, Directive 2000/60/EC, and European Communities, 1976, 
Directive 76/464/ECC). In the study areas, some studies have reported 
decreased concentrations of these compounds (Triay, 1995; Deudero 
et al., 2007; Quijano et al., 2018; Gómez-Ramírez et al., 2019). How-
ever, the fluctuations in the concentration in the different organisms (e. 
g. habitat, climatology, species, feeding behaviour and physiological 
status) (Carro et al., 2004; Perugini et al., 2004) makes necessary to 
carry out studies on endangered species. 

4.1. Organochlorine pesticides 

Although DDT 2,4′ was the dominant organochlorine compound 
detected in terms of the percentage of positive samples (41.5 %), the 
highest mean concentrations found were of DDE 4,4′ (1.31 μg/kg, l.w.). 
In terms of concentrations, the mean residue levels of DDT and its me-
tabolites occurred in the following order: DDE > DDD > DDT, while the 
ratio DDE/

∑
DDT (which is used to assess the chronology of DDT inputs) 

was 0.74. It is interesting to note that a ratio >0.6 suggests an on-going 
transformation of DDTs in stable ecosystems with no recent inputs of 
these contaminants (McHugh et al., 2010). The high proportion of DDE 
found in the analyzed samples compared to DDT is consistent with the 
long time that has elapsed since the widespread use of this compound 
was banned in Spain (Bordajandi et al., 2003). DDE was likewise found 
to be the composite with the highest contributions by Tabouret et al. 
(2011) and Szlinder-Richert et al. (2010) in French and Polish eels, 
respectively, as well as by Arai (2014) in Japanese eels. In fact, it is 
generally assumed that DDE and DDD are more abundant in aquatic 
ecosystems than DDT (Bonnineau et al., 2016). However, the total 
percentages of specimens for each DDT and metabolite groups were 
42.37 (DDTs), 21.19 (DDDs) and 4.24 (DDEs), while concentrations of 
metabolites were higher than those found for DDT 2,4′ (Fig. 3); as such, 

Table 1 
Descriptive statistics (mean, standard deviation, and range) of biometric data in 
European eels from the studied ecosystems: weight (g) and total length (mm).   

Weight Total length 

S'Albufera des Grau Natural Park 259 ± 59 (147–358) 519 ± 74 
(195–600) 

S'Albufereta Natural Reserve 303 ± 176 (87–776) 575 ± 103 
(344–760) 

El Hondo-Salinas de Santa Pola 
Natural Park 

801 ± 207 
(511–1281) 

738 ± 75 
(642–915) 

Albufera de Valencia 803 ± 135 
(597–1098) 

743 ± 42 
(662–838)  

Table 2 
Concentrations of OCPs and PCBs (expressed in μg/kg l.w.) in muscle samples of 
European eels, Anguilla anguilla (n = 118): global results. SEM: standard error of 
mean; LOD: limit of detection; n = number of samples in which the compound 
was detected.   

Mean ± SEM Min Max n % above LOD 

DDT 2,4′ 0.029 ± 0.007 <LOD  0.327  49  41.53 
DDD 2,4′ 0.269 ± 0.035 <LOD  0.715  21  17.80 
DDD 4,4′ 0.147 ± 0.028 <LOD  0.221  4  3.39 
DDE 4,4′ 1.309 ± 0.386 <LOD  2.228  4  3.39 
Chlordane cis 0.320 ± 0.118 <LOD  0.893  9  7.63 
Chlordane trans 0.043 ± 0.010 <LOD  0.059  3  2.54 
Endosulfan I 2.113 ± 1.095 <LOD  3.208  2  1.69 
Aldrin 0.563 ± 0.220 <LOD  2.988  14  11.86 
Endrin 1.025 ± 0.176 <LOD  4.325  40  33.90 
Dieldrin 0.854 ± 0.595 <LOD  2.041  3  2.54 
PCB-118 0.604 ± 0.124 <LOD  0.727  2  1.69 
PCB-101 0.705 ± 0.153 <LOD  1.427  9  7.63 
PCB-138 0.560 ± 0.216 <LOD  1.591  6  5.08  
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both data (percentages vs. concentrations) should be taken into account. 
This relative abundance of DDT in eel muscles could therefore reflect 
their low metabolic capacity, ease of access, and/or a limited excretion 
capacity of DDT (Bonnineau et al., 2016). However, it must be taken into 
account that DDT was used as an intermediate product in the synthesis 
of dicofol (Rasenberg and van de Plassche, 2002), a banned (Commis-
sion Delegated Regulation (EU) 2020/1204) pesticide manufactured in 
Spain until 2008 and detected in water samples from a near Mediter-
ranean ecosystem (Ebro River Delta) (Barbieri et al., 2021). 

In the whole population, the usual correlation between DDTs and 
metabolites concentration of the fishes and their weight or length 

(Larsson et al., 1991; Madenjian et al., 1994) was not found. In this 
sense, other authors reporting no relationships (de la Cal et al., 2008; 
Nzau Matondo et al., 2022), biomagnification (Deribe et al., 2013) and 
negative correlation (Feng et al., 2022). According the last authors, this 
could be due to the bio-dilution of these chemicals during the fish 
growth process, and they highlight that the larger/older fish may 
eliminate these pollutants for a longer period of time compared to 
smaller/younger ones. However, this relationship was no observed in 
eels from each ecosystem, so this should be monitored on a regular basis, 
to permit a better understanding of the relation between these pollutants 
and the eels populations. 

Table 3 
Concentrations of OCPs and PCBs (expressed in μg/kg l.w.) in muscle samples of European eels, Anguilla anguilla: results by sampling area. SEM: standard error of mean; 
LOD: limit of detection; n = number of samples in which the compound was detected.   

S'Albufera des Grau Natural Park (AG) S'Albufereta Natural Reserve (ANR) El Hondo-Salinas de Santa Pola (EH- 
SP) 

Albufera de Valencia (AV) 

Mean ± SEM (range) n % Mean ± SEM (range) n % Mean ± SEM (range) n % Mean ± SEM (range) n % 

DDT 2,4′ 0.023 ± 0.002 
(<LOD–0.048)  

21  70.00 0.243 ± 0.084 
(<LOD–0.327)  

2  7.14 0.018 ± 0.002 
(<LOD–0.042)  

15  50.00 0.017 ± 0.002 
(<LOD–0.030)  

11  36.67 

DDD 2,4′ 0.370 ± 0.056 
(<LOD–0.715)  

10  33.33 0.213 ± 0.005 
(<LOD–0.217)  

2  7.14 0.173 ± 0.029 
(<LOD–0.278)  

8  26.67 0.147  1  3.33 

DDD 4,4′ 0  0.00 0.131 ± 0.027 
(<LOD–0.157)  

2  7.14   0  0.00 0.163 ± 0.058 
(<LOD–0.221)  

2  6.67 

DDE 4,4′ 0  0.00 0.743 ± 0.362 
(<LOD–1.105)  

2  7.14   0  0.00 1.875 ± 0.354 
(<LOD–2.228)  

2  6.67 

Chlordane cis 0.425 ± 0.162 
(<LOD–0.893)  

6  20.00   0  0.00 0.050 ± 0.009 
(<LOD–0.058)  

2  6.67 0.237  1  3.33 

Chlordane 
trans   

0  0.00   0  0.00   0  0.00 0.043 ± 0.010 
(<LOD–0.059)  

3  10.00 

Endosulfan I   0  0.00 2.113 ± 1.095 
(<LOD–3.208)  
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Aldrin 2.988  1  3.33   0  0.00 1.839  1  3.33 0.255 ± 0.037 
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Endrin 0.631 ± 0.281 
(<LOD–3.701)  

13  43.33 1.710 ± 0.254 
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18  64.29 0.253 ± 0.046 
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2  7.14   0  0.00   0  0.00 

PCB-101   0  0.00 0.705 ± 0.153 
(<LOD–1.427)  

9  32.14   0  0.00   0  0.00 

PCB-138   0  0.00 0.560 ± 0.216 
(<LOD–1.591)  

6  21.43   0  0.00   0  0.00  
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Fig. 2. Chlorine organic pollutants in muscle samples of European eels, Anguilla 
anguilla, in the four studied ecosystems. Places with only one specimen (AG and 
EH-SP for Aldrin, AV for DDD-2,4′ and chlordane cis) were no considered. 
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Fig. 3. Concentrations of metabolites in specimens of European eel Anguilla 
anguilla with DDT 2,4′ > LOD. Red: DDT 2,4′; green: DDD 2,4′; blue: DDD 4,4′; 
yellow: DDE 4,4′. AG = S'Albufera des Grau Natural Park; ANR = S'Albufereta 
Natural Reserve; EH-SP = El Hondo-Salinas de Santa Pola Natural Park; AV =
Albufera de Valencia. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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In three of the studied areas (AG, EH-SP and AV), the mean con-
centrations of DDT 2,4′ were similar and low (0.02 μg/kg, l.w.), while 
higher mean concentrations of DDD and DDE than DDT were recorded 
(Table 3). Again, it seems there was a close relationship between DDT 
and its metabolites, although only 18.2 (AV), 20 (EH-SP) and 38.1 % 
(AG) of specimens with DDT 2,4′ > LOD had DDD and/or DDE in 
muscles. In the South of the province of Alicante, Gómez-Ramírez et al. 
(2019) reported the decreasing concentrations of OCPs due to European 
OCPs regulation, and Deudero et al. (2007) show a general decrease in 
all species of human consumption. In our study, the highest mean con-
centrations of DDT (0.24 μg/kg, l.w.) were found in ANR (in only two 
specimens were found to contain this compound). In AV, DDT contam-
ination has been reported in the past (Peris et al., 2005). However, 
Campillo et al. (2017) reported the existence of fresh inputs of DDT in 
the Valencia area, probably associated with high precipitation, leading 
to an increase in the transport of DDTs associated with sediments and 
particulate matter from rivers into the Mediterranean Sea. In addition, 
an area near this lake is cultivated for rice, which could explain these 
results. In 2008, the ecological status of AG and ANR were regarded as 
good (Plan Hidrológico de las Illes Balears 2015–2021), although some 
threats were reported to exist (e.g. wastewater from a water-treatment 
plant, infiltration from septic tanks and slurry from pig farms). How-
ever, it seems that eels from AG are more threatened than those from 
ANR in terms of DDT 2,4′ and DDD 2,4′ (70.0 and 33.3 % of specimens, 
respectively from AG; 7.1 % from ANR), since the high mean concen-
tration of DDT 2,4′ in ANG was only found in two specimens (Table 3). 
Curiously, the main economic sector in these areas is tourism, and 
agriculture is only a secondary activity and there has been a steady in-
crease in the amount of organic farming (CBPAE, 2020). In addition, to 
the best of our knowledge, no data regarding OCPs in these areas has 
been found other than in children, where high levels of DDE 4,4′ were 
reported, possibly due to the intense use of DDT in the past (Gascon 
et al., 2015). 

Dieldrin is commonly found in biotic and abiotic matrices partly due 
to its stability (Jorgenson, 2001). However, this compound, which ac-
cumulates in wild species, and whose ubiquity and long-term existence 
as an environmental pollutant have been reported (see review in Pang 
et al., 2022), was only detected in 2.5 % of the samples (three specimens 
from AV). In our study, the mean detected values were similar to those 
quantified in southern France (Roche et al., 2003) but markedly lower 
than values determined in eel muscle samples from Belgium (5.70–15.6 
μg/kg) (Maes et al., 2008; Van Ael et al., 2014), Italy (8.48–12.02 μg/kg) 
(Ferrante et al., 2010) and Ireland (1.4–3.5 μg/kg) (McHugh et al., 
2010), which thus confirms the decrease of dieldrin in aquatic systems in 
recent decades (Tabouret et al., 2011). The use of dieldrin has been 
prohibited since 1974, while the use of its metabolite endrin has never 
been authorised (Maes et al., 2008). Endrin can be rapidly metabolized 
by animals (reviewed by Zitko et al., 2003) and does not accumulate to 
any great extent in lipids. Thus, it is not detected at high concentrations, 
except in recent exposures (Smith, 1991). In comparison to dieldrin, we 
detected endrin in 33 % of the samples, with a mean value closely 
related to that quantified in Belgian eel samples (Maes et al., 2008). Like 
dieldrin, endrin levels seem to have decreased in recent decades (see 
review in Ingber et al., 2021), which demonstrates that bans and envi-
ronmental policies do lead to decreased concentrations. This compound 
was present in a high percentage of samples from the Balearic Islands 
(64.3 and 43.3 % in ANR and AG, respectively), with significantly high 
concentrations also in ANR; thus, the origin of this compound (and 
others including DDTs and their metabolites) in specimens caught in 
these areas should be investigated. Finally, aldrin was found mainly in 
AV (Table 3), the only area in which all three compounds were present. 
Peris et al. (2005), however, did not detect dieldrin and endrin in most of 
the sediments from AV and only very low concentrations of aldrin, 
findings that agree with our results. This compound can be metabolized 
by epoxidation in the liver to dieldrin (reviewed by Zitko, 2003), so its 
presence in this ecosystem should also be investigated. 

Chlordane and endosulfan were detected in low percentages 
(Table 2). In the former, the isomer cis- was the major constituent, fol-
lowed by trans-; nevertheless, in all cases they were present in <10 % of 
the whole population. This result agrees with those of Tabouret et al. 
(2011), who did not detect either of these two contaminants in any of the 
eel samples from French (Tabouret et al., 2011) and Belgian (Hoff et al., 
2005) wetlands. 

4.2. Polychlorinated biphenyls 

The mean levels of marker-PCBs in our study ranged from 0.56 to 
0.70 μg/kg (Table 2). In general, PCBs 118, 101 and 138 were charac-
terized by their low detection frequency, with percentages in all cases 
below 10 % in the analyzed specimens. Curiously, eels with these 
compounds were only found at one site (ANR). It is interesting to note 
that in Europe, these PCBs, together with PCB 153 (four of the seven 
‘targets’ recommended by the European Union for assessing PCB 
contamination), are the most dominant congeners in eels, although the 
relative abundance of individual congeners in specimens varies in terms 
of their origin and country considered (Belpaire et al., 2011b). For 
example, Flemish eels are mostly associated with higher proportions of 
congeners 153 and 180 compared to other European regions. In a study 
carried out in two Italian coastal lagoons (Caprolace and Fogliano), the 
two congeners that mostly contributed to the total PCB load were 153 
and 138 (Leone et al., 2020); in another study carried out in southern 
Italy (Ferrante et al., 2010), the four most dominant congeners were 
138, 153, 118 and 180, and at higher proportions (22.9, 18.9, 12.4 and 
10.0 %, respectively) than those obtained in our study. A similar result 
was obtained in Germany, with the same congeners being the most 
abundant in eel samples (Fromme et al., 1999). In a study of eels from 
the river Turia (eastern Spain), congener 138 was the most abundant, 
although congeners 180 and 118 were also highly relevant (Bordajandi 
et al., 2003). It is interesting to note that long-term monitoring studies of 
eels in the Netherlands (since 1977) and Belgium (since 1994) indicate 
that overall there has been a significant decline in PCB levels (Malar-
vannan et al., 2014). Moreover, these studies indicate that in Europe, 
PCBs 153 and 138 are the most dominant congeners in eels, although the 
relative abundance of individual congeners in samples depends on the 
origin and country considered. 

Despite the prohibitions that have existed since the 1970s on the use 
of these compounds, it takes decades for their quantities to decrease in 
the environment; they are stable in the environment for a long time, and 
they become widespread via water and atmospheric transport mecha-
nisms (Korytár et al., 2002; Villa et al., 2003). 

On the other hand, no relationships were found between PCBs con-
centration and biometric data. According to Couderc et al. (2015), the 
PCBs levels are usually correlated to lipid weight. Nevertheless, some 
authors have reported a positive correlation between total length and 
PCB-180 and none in remaining PCBs (Nzau Matondo et al., 2022). The 
relationship between these organic compounds and biological data such 
as fish length have been subjects of many studies (Green and Knutzen, 
2003; Pikkarainen and Parmanne, 2006; Pandelova et al., 2008; Polak- 
Juszczak et al., 2022), with increase in older specimens by changes in 
feeding habits and longer exposure times (Kiviranta et al., 2003; Pan-
delova et al., 2008). The influence of fat content in the levels of these 
pollutants with a lack of correlation between the size of the fishes and 
the lipid content could be an explanation of this absence of correlations 
(de la Cal et al., 2008). 

Surprisingly, these compounds were only detected in one of the two 
areas from the Balearic Islands. Mallorca has approximately 925,000 
inhabitants, while Menorca has <100,000; there is approximately 3640 
ha of agricultural land on Mallorca, whereas Menorca there is only about 
701 ha (Govern de les Illes Balears, 2016). As well, there are also dis-
charges of residual water from the refrigerating systems of thermal 
power plants, which use water with several chemical compounds 
including organochlorines. Although these compounds are used in low 
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concentrations, the accumulated pollution due to the amount of water 
discharged could be relevant (EPA, 2009). In addition, the amount of 
refrigerated water discharged into the ocean from Menorca is 2.91 % of 
the water discharged from Mallorca (Govern de les Illes Balears, 2016). 
Thus, all these factors probably play a role in the different contamina-
tion levels of PCBs in eels from ANR and AG. Curiously, in samples of 
birds collected during the period 1994–2000, Jiménez et al. (2007) re-
ported high PCBs levels in eggs of osprey (Pandion haliaetus) from 
Menorca, a species in the high trophic-level predators, that feed almost 
exclusively on fish such as saddled seabream (Oblada melanura) and 
mullet (Mugil sp.) (Triay, 1995). 

On the other hand, the absence of positive specimens of PCBs from 
AV could be unusual, since the proximity of both industrial and urban 
centres to this site could affect the presence of these compounds in the 
eels from the area, which was subjected to great environmental pressure 
in the 1960s and 1970s (Segarra Ferrando and Dies Jambrino, 2014). A 
study performed in the Region of Valencia in 2010–2011 (Quijano et al., 
2018) showed that the exposure of the general population to PCBs have 
declined by the efficiency of the European risk-management measures, 
so the null presence in eels would seem to be a good indicator for this 
family of compounds. 

5. Conclusion 

COPs are found in all hydrosystems due to the impact of every-day 
human activities (e.g. agricultural pollutants and industrial activities) 
and the persistence of the compounds used in the past (Bordajandi et al., 
2003; Arai, 2014). At the population level, the possibility of a real threat 
due to COPs in eels from study areas would be low: 55.9 % of specimens 
had one or none compounds, only 18 eels (15.3 %) had more of 2 COPs, 
and only one eel presents 7 COPs (3 OCPs and 4 PCBs). Nevertheless, we 
found differences between the sampling sites in the anthropological 
impact of contaminants, as well as dissimilar management actions aimed 
at protecting the environment. Although these differences could explain 
some of the results of our study, other questions such as the high per-
centage of DDT 2,4′ in AG, an ecosystem recognized as having a good 
ecological status, or the presence of PCBs in ANR, require further study. 
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Bordajandi, L.R., Gómez, G., Fernández, M.A., Abad, E., Rivera, J., González, M.J., 2003. 
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Informe Final. Campaña 2019. Ministerio para la Transición Ecológica y el Reto 
Demográfico. 
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Smith, A.G., 1991. Chlorinated hydrocarbon insecticides. In: Hayes, W.J., Jr Jr., Laws E. 
R. (Eds.), Handbook of Pesticide Toxicology, Classes of Pesticides, Vol. 2. Academic 
Press, Inc, New York, pp. 731–915, 1991.  

Schmidt, J., 1923. Breeding places and migration of the eel. Nature 111, 51–54. https:// 
doi.org/10.1038/111051a0. 

Szlinder-Richert, J., Usydus, Z., Pelczarski, W., 2010. Organochlorine pollutants in 
European eel (Anguilla anguilla L.) from Poland. Chemosphere 80, 93–99. 

Tabouret, H., Bareille, G., Mestrot, A., Caill-Milly, N., Budzinski, H., Peluhet, L., 
Prouzet, P., Donard, O.F.X., 2011. Heavy metals and organochlorinated compounds 
in the European eel (Anguilla anguilla) from the Adour estuary and associated 
wetlands (France). J. Environ. Monit. 13 (5), 1446–1456. https://doi.org/10.1039/ 
c0em00684j. 
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