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ABSTRACT. — The Water Framework Directive recently (2006) proposed to monitor a selec-
tion of priority substances and to report on the chemical status of European water bodies. The
final objective is the protection of aquatic life and human health. The majority of these sub-
stances are lipophilic, nevertheless it is proposed to monitor them in the water-phase. As there is
serious concern about whether measurements of these lipophilic compounds in water will give
results that will guarantee the protection of aquatic life, monitoring in biota seems to be more
appropriate. The advantages of using the European eel (Anguilla anguilla) as a model for evalu-
ating the chemical status within the WFD are discussed. A wide range of studies over Europe
exists and has pinpointed various types of environmental contamination. Eel contaminant pro-
files seem to be a fingerprint of the contamination pressure of a specific site. This is illustrated
with results from 12 years of contaminant monitoring in eel in Flanders, where the database
comprises at present analyses of 2946 eels from 365 sites. From this database, reference values
and quality classes for PCBs, OCPs and heavy metals in eel were deduced and are presented.
The establishment of a harmonised, Europe-wide chemical monitoring programme of eels could
enable three separate objectives to be addressed: (1) the evaluation of environmental health and
chemical status, (2) the sanitary control of fisheries products within human food safety regula-
tions, and (3) the monitoring of eel quality within the requirements of the international eel resto-
ration plan. Because of high concentration of some contaminants in certain eel subpopulations
and the ecotoxicological effects of these substances, achieving good chemical status of EU
waters will directly be beneficial for restoration of eels stocks.

INTRODUCTION

During the last decade, many countries have reported
the development of local monitoring programmes for spe-
cific contaminants within biotic matrices. Bioindicators
belonging to very different classes are used for evaluating
pollution in fresh water ecosystems, e.g. microbial assem-
blages, algae, Bryozoa, aquatic macrophytes, molluscs,
fish parasites, invertebrates, fish, turtle eggs, aquatic birds
and mammals.

As described by Belpaire & Goemans (2007), a good
chemical status indicator should fulfil a number of
requirements. It is essential that the species shows a high
bioaccumulation capacity for a wide range of chemicals.
Specific ecological traits of the indicator species should
allow representative information of the chemical status of
the sample site to be gained. Furthermore the species
should present analytical advantages. Standard proce-
dures for sampling and analysis should be available and a
normative framework should be developed. It is an eco-
nomic advantage when the data obtained through an indi-
cator species can be used for multiple purposes (e.g. other
(inter)national monitoring programmes), thus allowing
better cost efficiency and effectiveness of the monitoring
efforts. It is an additional benefit if monitoring networks
are already in place in certain countries and expertise is
already available. Evidently the indicator species should

be widely distributed, to allow its use on a large geo-
graphical scale.

In recent years, an increasing number of studies have
focused on the use of eel to monitor harmful substances.
It is known for many years that, due to specific physio-
logical and ecological features, eels bioaccumulate many
substances in their muscle tissue (e.g. Bruslé 1991, de
Boer & Hagel 1994, Maes et al. 2007). Specific charac-
teristics of the species (size, long life span, fat content,
feeding and habitat ecology, distribution, euryhyalinity,
one reproductive cycle) are considered as favourable for
the choice of the eel as a chemical sentinel species. The
European eel is distributed over a wide geographical area,
extending from North Africa in the south to Northern
Scandinavia in the north, and from the Azores in the west
to the Eastern Mediterranean region in the south-east. The
natural distribution of the eel covers most EC countries
(Fig. 1). Its distribution in remote places far from the sea
where accessibility is hampered by migration barriers is
quite often enforced by restocking with glass eel. Eels are
thus widespread and can be found in a wide range of
aquatic habitats of various typology. They occur in the
fresh, brackish and coastal waters of a large part of the EC
territory.

In this paper we will assess the indicator value of this
species and, specifically, the possibility to use the eel as
an indicator for the chemical status within the Water



236 C.BELPAIRE, G. GOEMANS

s

49

Fig. 1. — Distribution map of the European eel. Dark area: natural distribution area. Dotted area: enlarged distribution by stocking

(Lelek 1987).

Framework Directive (WFD), using the results and expe-
riences of 12 years of eel monitoring in Flanders. Since
1994 the Research Institute for Nature and Forest (INBO)
has developed a pollutant monitoring network for public
water bodies in Flanders (Belgium) using eel (Anguilla
anguilla) as a sentinel species. During this monitoring
within the river basins of Yser, Scheldt and Meuse (ca.
13500 km?), 2946 eels have been sampled on 365 sites
between 1994 and 2005. Muscle tissue of individual eels
was routinely analysed for a series of ¢.30 polychlorine
biphenyls (PCBs), organochlorine pesticides (OCPs) and
heavy metals (see Goemans et al. (2003) and Maes et al.
(2007) for sampling analytical procedures and quality
assurance). In addition to this routine analysis, other con-
taminants were analysed on a restricted selection of sites.
These contaminants included brominated flame retard-
ants, volatile organic pollutants (VOCs), endocrine dis-
ruptors, dioxins, perfluorooctane sulfonic acids (PFOSs),
metallothioneins and polycyclic aromatic compounds.
These results are reported in various papers (Belpaire ef
al.2001, 2003, Goemans et al. 2003, Roose et al. 2003,
Goemans & Belpaire 2003, 2004; 2005, Morris et al.
2004, Versonnen et al. 2004, Hoff et al. 2005, Maes et al.
2005, Belpaire & Goemans 2007, Maes et al. 2007).

The WFD (CEC 2000) and, more specifically amend-

ment CEC (2006a), enforces the monitoring of a selec-
tion of harmful substances in the aquatic environment.
The monitoring strategy described sets out to measure
most of these contaminants in the water-phase. However,
the final aim of the Directive is to protect aquatic organ-
isms and the aquatic ecosystem health. Belpaire & Goe-
mans (2007) have discussed, and to some extent criti-
cised, the monitoring strategy mainly on the basis of ana-
lytical features of those compounds. Basically, most of
the substances selected under CEC (2006a) are highly
lipophilic, and consequently are hardly (if ever) traceable
in water. On the other hand, they may attain very high
concentrations in organisms, as a result of bioconcentra-
tion and biomagnification. Belpaire & Goemans (2007)
argued that within the WFD, at least for some substances,
monitoring in water is inadequate and does not guarantee
sufficient protection of the aquatic environment, and con-
cluded that, as an alternative, the eel may be a suitable
species for monitoring lipophilic chemicals in aquatic
biota. From the INBO Eel Pollutant Monitoring Network
(EPMN), specific examples of how eels can pinpoint
environmental pollution by chemicals have been demon-
strated. Belpaire & Goemans (2007) further illustrate the
potential of using the eel as a biomonitor over a broader
geographical range, meeting the requirements of the WFD
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- : Table I. — Concentrations of

PCB 153 Water Sediment Suspended solids Eel PCB 153 lindane and cadmium

ZWV <DL <DL 16 436 measured simultaneously in

KBL <DL 13 No data 142 water, sediment, suspended sol-

ids and eel at 5 stations in Flan-

WEE <DL 12 54 429 ders (2001). Concentrations are

OAV <DL <DL <DL 13.5 expressed as pg.L! (water), in

pgkg! dry matter (sediment

LEI <DL 5.2 16 128 and suspended solids) and in

ngkg! wet weight of muscle

- - - tissue (eel). Stations are the

Lindane Water Sediment Suspended solids Eel canals Zuidwillemsvaart

< < (ZWV) and Kanaal van Beverlo

ZWV 0.006 DL DL 9.3 (KBL), a lake at Weerde

KBL <DL <DL <DL 7.5 (WEE), a polder water course

WEE <DL <DL <DL 1.1 Oude Avaart (OAV) and a river

Leie (LEI) (after Belpaire &

OAV 0.300 <DL 210 216 Goemans 2004). DL: detection

LEI 0.057 0.7 7.9 40.4 limit.

Cadmium Water Sediment Suspended solids Eel
ZWV <DL 8 10 1.5
KBL 0.012 570 350 30
WEE <DL <DL 6 8.7
OAV <DL <DL <DL 7.8
LEI <DL 0.9 16 2.2

for reporting on the chemical status of water bodies at
least for some priority substances.

In this paper, we present evidence from results collect-
ed through the EPMN to further document and assess the
potential advantage of using eel within the WFD chemi-
cal status monitoring. An overview of current eel moni-
toring work in Europe is given and possibilities for a
standardised framework are described. Finally, other
environmental constraints related to eel chemical moni-
toring will be discussed briefly.

Analytical issues

A number of specific traits of the eel, such as habitat
preferences, trophic position, lipid content and size, give
specific advantages when considering selecting eel as a
chemical bioindicator species. Being benthic and carnivo-
rous animals, eels are particularly vulnerable to high con-
tamination levels through bioaccumulation and biomag-
nification. The lipid content of the eel is high compared to
other species and especially the lipophilic contaminants
can attain high levels. As a consequence these contami-
nants are easily traceable. Eel size is sufficient to provide
the required quantity of tissue for the analyses of a series
of different contaminants.

From an analytical perspective, biota have the advan-
tage of containing much higher concentrations of contam-
inants compared with abiotic samples, as a result of proc-
esses like bioaccumulation and biomagnification. Organ-
isms at higher trophic levels are known to have higher
contaminant levels than their preys. During an assessment
of the occurrence and partitioning of an extended series of

chemicals in the aquatic environment at 5 polluted sites in
waters of different typology in Flanders, suspended sol-
ids, sediments and organisms of different trophic levels
were analysed (Weltens er al. 2002, 2003, Table I). It is
clear that even on sites with high levels of various pollut-
ants, a lot of measurements in the abiotic compartments
fall below the detection limit (D.L.). In contrast, concen-
trations in eel are always measurable and attain higher
values (and thus are better detectable) than in the sedi-
ment or suspended solids. For heavy metals, e.g. cadmi-
um, differences in concentration levels between biotic
and abiotic compartments are generally less pronounced.
For monitoring heavy metals it could be recommended to
measure eel liver concentrations instead of muscle tissue,
as concentrations of most metals are higher in liver tissue
(Durrieu et al. 2005). However metal measurements in
muscle tissue are easily detectable (see below and Fig. 2)
and present an added value towards human health risk
assessment (see below).

Trophic position is not the only factor determining the
degree of contamination of a species. Top-predators like
northern pike (Esox lucius) and pikeperch (Sander lucio-
perca) feeding exclusively on fish show 3 to 15 times
lower levels of contamination by lipophilic substances
than eel (on a muscle wet weight basis) dependent on the
specific contaminant, due mainly to their significant
lower muscle lipid contents (ca 0.5 %) (Goemans, pers
comm). Interspecific differences in contamination load
within several field studies have been attributed to differ-
ences in lipid content (for an overview see Nowell ef al.
1999). Amongst the various biota, eel has particular ana-
Iytical advantages due to its very high fat content: Maes et

Vie Milieu,2007,57 (4)
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Fig. 2. — Percentage of individual yellow eel measurements above the detection limit for 10 PCB congeners and 10 organochlorine pes-
ticides and 9 heavy metals in eels from Flanders collected in the period 1994-2005. N = 2528 for the PCBs, hexachlorocyclohexanes
(HCHs), dieldrin, hexachlorobenzene (HCB), DDTs, trans-Nonachlor (TNONA) and endrin, N = 546 for aldrin, N = 2769 for Hg, Cd
and Pb, N = 2117 for Cu, Zn, Ni and Cr and N = 1410 for As and Se (data from INBO Eel Pollution Monitoring Network). For an over-
view of the mean eel life history statistics (length, weight and lipid content) see Maes et al. (2007).

1000 -

900 A

800 A

700

600

500 H

400

Sum PCBs (ng/g)

300 A

200 -

107
100 A
B.S -
0 T T
Macrophytes Invertebrates

Roach Pike

940

Yelloweel

Fig. 3. — Concentration of Sum PCBs over various trophic levels in Lake Weerde (Flanders) in 2001 (spring). Data expressed as ng/g
total wet weight for macrophytes and invertebrates and as ng/g wet weight of muscle tissue for fish (from Weltens ez al. 2002). Fish
analysis was performed on muscle tissue samples (N = 5 for roach and pike, N = 10 for yellow eel).

al.(2007) reported a mean muscle lipid content of 14.92%
+10.18 (s.d.) in 2528 yellow eels collected over Flanders.
High lipid content in eels is partly responsible for the high
bioaccumulation of lipophilic contaminants in their tis-
sues.

Figure 3 illustrates the concentrations of PCBs meas-
ured in various biota. Lipophilic contaminants like PCBs
seem to be five times higher in eel than in other fish spe-
cies (on a muscle wet weight basis) and ten times higher
than in invertebrates (on a total wet weight basis), as can
be deduced from measurements in Lake Weerde, a shal-

low contaminated lake in Flanders (Weltens ez al. 2002).
Consequently tracing of these chemicals in eel, as an
environmental indicator, is particularly meaningful, since
only few fall below D.L. From the results of the EPMN
including quantitative data of 2946 eels collected from
365 sites between 1994-2005, it is clear that most of the
PCBs, OCPs and heavy metals analysed are easily detect-
able. Figure 2 represents the proportion of eels above D.L.
for the PCBs and OCPs. Of the higher chlorinated PCBs
99.0-100 % are above D L., while for the lower chlorinat-
ed PCBs 28, 31 and 52, the proportion is slightly lower

Vie Milieu,2007,57 (4)
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(90.2-97.3). For the OCPs the situation is more variable.
Very high proportions (> 98%) are noticed for the 7y iso-
mer of hexachlorocyclohexane (gamma-HCH), hexachlo-
robenzene (HCB) and p,p’-DDE (1,1°-(2,2-dichlor-ethe-
nylidene)- bis[4-chlorobenzene]). Also alfa-HCH, diel-
drin and p,p’-DDD (1,1°-(2,2 dichloroethylidene)bis
[4-chlorobenzene] ) can be detected in at least 8 out of 10
samples. P,p’-DDT (dichlorodiphenyltrichloroethane) and
trans-Nonachlor (TNONA) can be measured in more than
50 % of the eels. The cyclodienes endrin and aldrin are
obviously less common in Flanders and can be measured
in 13 and 43 % of the cases respectively.

Heavy metals were also measurable for the majority of
sites. Mercury, zinc, chromium, arsenic and selenium
were detectable in more than 96 % of the samples. Cad-
mium, lead, cupper and nickel were measured in 60 to
90 % of the samples.

Similarly, brominated flame retardants and even a
number of volatile organic compounds were described as
omnipresent in eels (Belpaire & Goemans 2007). Chemi-
cals like HBCD (hexabromocyclododecane), PBDEs
(polybrominated diphenylethers) and the volatile organic
compounds BTEX (benzene, toluene, ethylbenzene and
the xylenes) were found in all samples. This is in contrast
with measurements in the water phase (as proposed by the
WEFD): as most of these compounds are lipophilic, meas-
urements in water are frequently below the D.L. e.g.
PCBs and VOCs are hardly traceable in water. For the
VOC:s this was documented by Belpaire & Goemans
(2007). Even in sediments, the presence of PCBs and
VOC:s is quite often below the D.L.

Another advantage of using eels as a chemical bioindi-
cator is their size. Eels are long-lived and their size ena-
bles to obtain enough material for analysis of various con-
taminants in individual fish. An individual eel of 40 cm
has a back-calculated weight of 110 g, allowing removal
of enough muscle tissue for at least six samples (10 g wet
weight each) to be labelled and frozen at
-20 °C. In the EPMN two samples (from the mid part of
the body) were analysed for heavy metals, OCPs and
PCBs. Other samples can be sent to specialised laborato-
ries and analysed for BFRs, VOCs, dioxins,... The
remaining samples are routinely stored as back up in a tis-
sue bank at -20 °C.

From bioaccumulation studies in other fish species, it
is known that the concentrations of lipophilic contami-
nants are related to length, weight or age, biological fac-
tors which are mostly covariant. Furthermore, length and
age tend to correlate positively with lipid content. The
relation between level of contamination and length or age
is not always clearly positive: e.g. Reinert & Bergman
(1974) described increasing DDT concentration with
length in lake trout and in coho salmon from Lake Michi-
gan, whereas in some other studies (e.g. Hubert & Ricci
1981) effects related to size or age were smaller or nonex-
istent when contaminant concentrations were expressed

on a lipid weight basis (Nowell et al. 1999). Size and age
effects may vary depending on the contaminant. During a
recent study assessing the contaminants in muscle of
white perch (Morone americana) from Hackensack River
(New Jersey, USA), Weis & Ashley (2007) found no sig-
nificant correlations between PCB concentrations and
length or weight. However, for mercury a significant cor-
relation for both length and weight was observed. For
environmental monitoring purposes it should be recom-
mended that the size of the eels sampled be standardised
as much as possible. Sample selection within the EPMN
focuses on eels between 35 and 45 cm, thereby preclud-
ing possible sex-related bias. We are well aware that for
other monitoring purposes, like monitoring eel quality
within the eel restoration plans or monitoring for human
consumption quality (see below), it may be more appro-
priate to analyse eels from larger sizes, as these may attain
higher contaminant concentrations.

Eels as chemical bioindicators of the contaminant
pressure of their habitat

As was described earlier (Belpaire & Goemans 2007) a
sentinel species should be fairly sedentary to allow fin-
gerprinting of the local pollution load. Yellow eels show
explicit homing behaviour and foraging movements are
mostly restricted to a few hundred meters. Apparently
most eel species share this ecological trait (A. anguilla:
Baras et al. 1998, Laffaille et al. 2005, A. rostrata: Olivei-
ra 1997, Goodwin 1999, A. australis: Jellyman et al.
1996, A. dieffenbachi: Beentjes & Jellyman 2003,
A. japonica: Aoyama et al. 2002). Although home site
fidelity is obvious also within tidal estuaries, the home
range may be larger than in freshwater habitats (Parker
1995) and seasonal movements might occur (Hammond
2003). The occurrence of erratic eels (‘nomads’) has also
been reported (Feunteun et al. 2003). Due to the migra-
tion activities in the silver eel stage, the bioindicator value
of the eel is restricted to the yellow eel phase.

The potential of the eel to fingerprint the pollutant
pressure at a specific site can be illustrated by several
examples from within the EPMN. Belpaire & Goemans
(2007) have illustrated with a number of examples (1,2-
dichlorobenzene, 1,2-dibromo-3-chloropropane, BTEX,
HBCD (hexabromocyclododecane), PBDEs (polybromi-
nated diphenylethers), cadmium and lindane) the possi-
bility of discovering environmental contamination
through eel biomonitoring. They related high levels of
specific contaminants in eel with local industrial or agri-
cultural activities.

The EPMN covers a dense network of 365 sampling
sites; each site is characterized by a series of ¢.30 chemi-
cals for each individually analysed eel. This dataset
allowed us to show how local land use at each site charac-
terizes the pollution profile within eel muscle tissue. Bel-
paire et al. (1999) illustrated the usefulness of using eels

Vie Milieu,2007,57 (4)
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Fig. 4. — Cluster analysis based on the PCB and OCP (lipid weight basis) profiles of 129 yellow eels from 30 sites in Flanders sampled
between 1994 and 1998 (Belpaire et al., 1999). Eels from the same site cluster mostly together.
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Fig. 5. — Discriminant analysis on the concentrations of 16 PCBs and OCPs (on lipid weight basis) in 31 eels from three zones in the
Boudewijnkanaal from 1991 (11 eels) and 1995 (20 eels) (after Belpaire ef al. 1999). Left: location of the three zones A, B and C on the

Boudewijnkanaal.

as a sentinel species for measuring pollution by persistent
pollutants. They presented (Fig. 4) a cluster analysis of
the PCB and OCP concentration in 129 yellow eels from
30 sites in Flanders and showed that intra-site variability
between eels is generally lower than the inter-site varia-
bility. On the basis of their contaminant load, eels from
the same location were mostly clustered (Fig. 4). The pol-
lution profile of individual yellow eels from one site

seems to be a fingerprint of the local contaminant pres-
sure. Even within water bodies and on a small local scale
eels may show variations depending on where they lived.
A study on the canal Boudewijnkanaal demonstrated dif-
ferences in pollution load in eels within the canal (Bel-
paire et al. 1999). The Boudewijnkanaal is relatively short
(14 km) and situated in the northwest of Flanders, mouth-
ing in the North Sea at Zeebrugge harbour. The canal was

Vie Milieu,2007,57 (4)
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Fig. 6. — Factor analysis of contaminant concentrations (PCBs and OC
len. Eels are numbered per zone (A1, A2,...). HCB: hexachlorobenz

Ps) in 17 yellow eels from the zones A, B, C and D in Lake Schu-
ene, DIELDR: dieldrin, HCHG: y-hexachlorocyclohexane (lin-

dane), DDD: p,p’-DDD (1,1°-(2,2 dichloroethylidene)bis [4-chlorobenzene] ), DDE: p,p’-DDE (1,1°-(2,2-dichlor-ethenylidene)- bis[4-

chlorobenzene]) (Belpaire et al. 2001).

divided into three zones each c.4 km long: zone A which
included the southernmost part nearby Brugge, zone B
being the intermediate zone nearby Dudzele and zone C
the northern part of the canal in front of the sea sluices

(Zeebrugge) (Fig. 5). Eels were analysed for PCBs and
OCPs in 1991 (8 eels from zone B and 3 eels from zone
C) and in 1995 (3 eels from zone A, 6 eels from zone B
and 11 eels from zone C). Discriminant analysis (Fig. 5)

Vie Milieu,2007,57 (4)
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Flanders during spring and autumn 2001 (Weltens et al. 2002). Concentrations are expressed in ng/g wet weight of muscle tissue for
fish and in ng/g total wet weight for invertebrates and macrophytes.

of the concentrations of 16 PCBs and OCPs (on a lipid
weight basis) between these five groups showed differ-
ences between the 1991 and 1995 eels. With the exception
of lindane, concentrations of most of the contaminants
were higher in 1995 compared to the 1991 levels. Moreo-
ver, within a year, very distinct regional variations
occurred, with eels from zone A being very distinct from
the other zones. Also eels from B and C clearly belonged
to separate groups, both in 1995 and in 1991. Differences
between zones were explained by differences in local pol-
lution pressure on the canal (with zone A being the most
polluted zone). This gives strong evidence that eels do
reflect differences in the pollution load of their habitat,
even between locations which are relatively close to each
other, as was the case here with the 4 km zones. It also
supports the hypothesis that eels are very sedentary.

Other evidence exists for stations within the Meuse
river basin, as reported by Goemans & Belpaire (2003),
combining data from Flanders and The Netherlands. Goe-
mans & Belpaire (2005) also showed that within the
group of the PCBs, congener profiles (e.g. ratio of PCB
118 to Sum PCBs) in eels from a specific location are
almost constant, but can vary considerably between eels
originating from different locations.

An example within a lacustrine environment has been
presented by Belpaire et al. (2001). Lake Schulen is a
90 ha eutrophic, oblong lake (length not exceeding 3 km)
in central Flanders. 17 eels captured from 4 areas of the

lake were analysed individually for polychlorinated
biphenyls, organochlorine pesticides and heavy metals.
Although no significant differences were found between
eels from the different areas for most of the individual
pollutants, there seemed to be a variation in overall pollu-
tion pattern, as illustrated in the factor analysis in Fig. 6.
The study revealed significant differences in lindane
(gamma HCH) concentrations in muscle tissue of eels
from different areas. No evidence was found for potential
causes of this pollution. This study illustrates the potential
of using eel as a monitoring organism for pollution by
some persistent substances within lacustrine environ-
ments, even within rather small lakes.

Weltens et al. (2002) described the results of a study
investigating contamination through the various compart-
ments of the aquatic ecosystem. PCBs, heavy metals and
pesticides were analysed in water, suspended solids, sedi-
ment and biota of different trophic levels on 5 polluted
sites in Flanders. Fig. 7 presents the relationships between
Sum PCBs in wet weight of muscle tissue of eel with Sum
PCBs in wet weight of muscle tissues of predator fish spe-
cies and roach and with Sum PCBs on total wet weight
basis in invertebrates and macrophytes. Fairly good cor-
relations were found.

The contaminant fingerprint value of eels has already
been illustrated, to some extent, in the 1980°s for A. ros-
trata in the St. Lawrence river. Moreau and Barbeau
(1982) distinguished eels of different origins on the basis
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Table II. — Overview of recent reports describing bioaccumulation data of various chemicals in Anguilla anguilla within EC countries
(PCBs: polychlorinated biphenyls, OCPs: organochlorine pesticides, HM: heavy metals, DIO: dioxines, BFRs: brominated flame
retardants, PAHs: polyaromatic hydrocarbons, VOCs: volatile organic compounds, PFCs: perfluorinated compounds, MT: metal-

lothioneins).
Reference Coun PCBs OCPs HM DIO BFRs PAH VOC  PFCs MT Specification
try s s

Van Leeuwen et al. 2002 EU X X Wild, farmed, imported eels
(8 countries)

Karl and Lehmann 1993 EU X X 54 eels from 11 countries

Santillo ef al. 2005 EU X X 10 countries, PBDEs, HBCD,
TBBP-A

Santillo et al. 2006 EU X 11 countries

Goemans et al. 2003 BE X X X Country wide (Flanders)

Maes et al. 2005 BE X Country wide (Flanders)

Hoff et al. 2005 BE X Country wide (Flanders)

Roose et al. 2003 BE X Country wide (Flanders)

Belpaire et al 2003 BE X Country wide (Flanders)

Thomé et al. 2004 BE X X Country wide (Walloonia)

Batty et al. 1996 FR X Camargue

Roche et al. 2002 FR X X Camargue

Roche et al. 2003 FR X X X Camargue

Bragigand et al. 2006 FR X PBDEs in Seine and Loire

Oliveira Ribeiro et al. 2005 FR X X X Camargue Reserve

Jorgensen et al. 2001 DK X X X Market eels

Food Standards Agency 2004 UK X Skerne — Tees River System

Edwards et al.1999 UK X River Yare & Ormesby
Broad

Mason & Barak 1990 UK X 11 rivers

Mason 1993 UK X X 11 reedbeds

Weatherley et al. 1997 UK X X 41 sites (Wales)

Ruddock et al. 2003 UK X Estuaries

Langston et al. 2002 UK X Thames estuary

Pieters et al. 2004 NL X X X Country wide

Hendriks & Pieters 1993 NL X X X Rhine

de Boer & Hagel 1994 NL X Country wide

van der Oost et al. 1996a&b NL X X X X PCBs, DDTs, HCB, PAHs,
PCDFs and PCDDs in six
Amsterdam freshwater sites

van den Heuvel-Greve ef al. NL X X X X X Western Scheldt

2006

Tulonen & Vuorinen 1996 FI X X Vanajavesi watercourse

Fromme et al. 1999 DE X synthetic musks;
bromocyclene, Berlin

Wiesmiiller & Schlatterer DE X X Rivers Havel and Oder in

1999 Brandenburg

Gaumert ez al. 2000 DE X X X River Elbe

Lehmann et al. 2005 DE X Nordrhein-Westfalen, 7 sites

Lehmann et al. 2006 DE X X X X River Rhine, regular
sampling

Linde et al. 2004a ES X Rivers

Linde ef al. 2004b ES X X

Usero et al. 2004 ES X Salt marshes

Ankarberg et al. 2004 SE X X PCDD/Fs and PCBs Baltic
Sea

Poole & McCarthy 2006 IR X X X Work under way

Corsi et al. 2005 IT X X Orbetello lagoon

Bressa et al, 1997 IT X X Po delta

Mariottini et al. 2005 1T X PBDEs, Orbetello lagoon

Mariottini et al. 2006 1T X Orbetello and Santa Giusta
lagoons

Storelli et al. 2007 IT X X X Lesina lagoon, Adriatic Sea

of their heavy metal (Hg) content. Dutil ez al. (1985) got
similar results on the basis of the presence of mirex. They
concluded that organic chemicals could be a better instru-
ment for discriminating stocks than heavy metals. In the
same region, Castonguay et al. (1989) found a relatively
high discrimination among eels from various sampling
sites based on their contamination level with organochlo-
rines. More recently, many EC countries have reported
the use of the European eel to monitor the presence of a

variety of substances. Extensive reviews have been made
by Bruslé (1990; 1991) for respectively, heavy metals,
and OCPs and PCBs. He assembled reports on the bioac-
cumulation of contaminants within several eel species.
Since then, for a whole variety of contaminants, reports
on eels as bioindicators have been published all over the
world. Knights (1997) made a review of available litera-
ture on persistent xenobiotic organochlorines in eel spe-
cies and Robinet & Feunteun (2002) gave examples of
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concentrations of some pollutants in yellow European
and American eel. In Table II we summarize reports pub-
lished recently for the EC countries. In some countries
like The Netherlands and Belgium, a nationwide moni-
toring network is operational (respectively since 1977 &
1994). In other countries like Sweden, Finland, Denmark,
Germany, United Kingdom and Northern Ireland, France,
Spain and Italy, eel biomonitoring studies have been
undertaken on a local scale. In Ireland investigations are
in progress.

Table IT shows that a whole variety of contaminants
were analysed. The PCBs, OCPs and heavy metals are the
most commonly analysed contaminants. Lately, groups of
brominated flame retardants and dioxins are being ana-
lysed more frequently, illustrating the increasing concern
for these compounds, and following the new EU dioxin
regulation in foodstuffs (CEC 2006e). Locally, other con-
taminants have been analysed within specific research
programs (polycyclic aromatic hydrocarbons, volatile

organic compounds, synthetic musks, perfluorinated com-
pounds, metallothioneins,...).

It is remarkable that until now no pan-European com-
prehensive reports are available on the chemical status of
the eel, considering the increasing number of recent
papers that point towards chemicals as being responsible
for the decline of the eel. Two studies have compared bio-
accumulation data in eels from several countries with
allowable values for human consumption: Karl & Leh-
mann (1993) reported on OCPs and PCBs in 54 eel sam-
ples, both wild and farmed, from 11 different countries,
and Van Leeuwen et al. (2002) compared PCBs, dioxins
and furans in wild and farmed eels from The Netherlands,
and in imported eels from 7 countries. More recently, two
Europe-wide studies have been presented by Greenpeace
using the eel as a bioindicator of brominated flame retard-
ants and PCBs from rivers and lakes in 10 European coun-
tries (Santillo et al. 2005) and of perfluorinated chemicals
in 11 countries (Santillo et al. 2006). These studies were

Table III. — Reference values and boundary values of the quality classes for a series of heavy metals, PCB congeners and organochlo-
rine pesticides as defined in the EPMN. Values are expressed in ng.g! wet weight of muscle tissue, unless indicated as * in ng.g™! lipid

weight or ** in ug.g! wet weight of muscle tissue.

Contaminant Reference Not deviating Slightly deviating Deviating Strongly deviating
value (RV) logRV <0.4 04<logRV<0.8 08<logRV<1.2 logRV>1.2
Mercury 40 <100 100 - <252 252 - <634 > 634
Cadmium 2 <5 5-<12.6 12.6 - <31.7 >31.7
Lead 10 <25 25-<63 63 - <158 >158
Cupper** 0.25 <0.6 0.6-<1.6 1.6-<4 >4
Zinc** 14 <35 35-<88 88 -<222 >222
Nickel 14 <35 35-<88 88 -<222 >222
Chrome 96 <241 241 -<606 606 - <1521 > 1521
Arsenic 41 <103 103 - <259 259 - <650 > 650
Selenium 205 <515 515-<1293 1293 - <3249 >3249
PCB 28 0.12 <0.3 03-<0.8 08-<19 >1.9
PCB 31 0.1 <03 03-<0.6 0.6-<1.6 >1.6
PCB 28+31 0.25 <0.6 0.6-<1.6 1.6-<4 >4
PCB 52 1 <25 25-<6.3 63-<15.8 >15.8
PCB 101 2.5 <6 6-<16 16 -<40 >40
PCB 105 1.2 <3 3-<7.6 7.6-<19 >19
PCB 118 3.5 <9 9-<22 22-<55 >55
PCB 138 7.7 <19 19-<49 49 - <122 >122
PCB 153 10 <25 25-<63 63 - <158 >158
PCB 156 0.6 <15 1.5-<3.8 3.8-<95 >95
PCB 180 4.5 <11 11-<28 28-<171 >71
Sum PCBs 29 <73 73-<183 183 - <460 > 460
Sum PCBs* 240 <603 603 -<1514 1514 - <3804 > 3804
a-HCH 0.05 <0.1 0.1-<0.3 03-<0.8 >0.8
y-HCH 1.3 <33 33-<82 8.2-<20.6 >20.6
Dieldrin 1.1 <28 2.8-<6.9 69-<174 >17.4
HCB 0.5 <13 1.3-<3.2 32-<79 >79
p.p’-DDD 2.5 <6 6-<16 16 -<40 >40
p.p’-DDT 0.005 <0.01 0.01-<0.03 0.03-<0.08 >0.08
p.p’-DDE 13 <33 33-<82 82 -<206 >206
Sum DDTs 16 <40 40 - <101 101 - <254 >254
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Reference-value Sum PCBs: 29.0 ng/g wet weight

Hasselt

o Not deviating (<73.0 ng/g wet weight)

o Slightly deviating (73.1 - 183.0 ng/g wet weight)
o  Deviating (183.1 - 460.0 ng/g wet weight)

e  Strongly deviating (> 460.0 ng/g wet weight)

Fig. 8. — Sampling sites of the Eel Pollutants Monitoring Network in Flanders and geographical distribution of quality classes in Flem-
ish eels for Sum PCBs (N = 351 sites, 1994-2005). Reference value and quality class boundaries are given. Sum PCBs equals the sum

of the 7 indicator congeners (CB 28,52, 101, 118, 138, 153 and 180).

100% 1

90% -

80% A

T0% A
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O Deviating
O Slightly deviating
M Not deviating

60% 1
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40% -

Relative frequency
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Sum PCB (N=351)
Fig. 9. — Distribution of Sum PCB quality classes in Flemish
eels (N =351 sites, 1994-2005). See Table III or Fig. 8 for refer-
ence values and boundary values of the quality classes. At
57.2 % of the sites, PCB levels in eels are deviating or strongly
deviating from the reference value.

however rather restricted with respect to the number of
eels or sites analysed.

Eel contaminant quality classes and standards

Analyses of a series of chemicals generates a database
of quantitative data which have to be interpreted. There is
a strong need for a normative framework with clear
benchmarks to which the data should be compared. This
framework can consist of various types of benchmarks.
The WED (CEC 2006a) proposes ‘Environmental quality
standards’ (EQS), limit concentrations (e.g. in hexachlo-
robenzene, hexachlorobutadiene and methyl-mercury)
which can not be exceeded in ‘prey’ tissue of biota. No
Observed Effect Concentrations (NOEC) have been
described for specific chemicals for certain organisms,
including eel (see PAN Pesticides Database, 2007). For
some compounds (e.g. Hg, Pb, Cd, dioxins, furans and
dioxin-like PCBs (WHO-PCDD/F-PCB-TEQ),....)
human health safety standards for fish have been set by
the European Commission (CEC 2001; 2006e) or by addi-
tional national legislation (e.g. consumption limit for
indicator-PCBs for fisheries products in Belgium, Bel-
gisch Staatsblad 2002), some with special values for eel.
In some countries (e.g. The Netherlands), concentrations
of some substances in eel are used as environmental toler-
ance values and action thresholds (ecotoxicological val-
ues).

In Flanders, quality classes were developed based on
quantitative distribution of the data (means per location)
for PCBs, OCPs and heavy metals (Goemans et al. 2003).
Reference values were fixed for each chemical. These ref-
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erence values were defined as the 5 percentile value of the
means of all sites. A common procedure was used to dis-
tinguish four quality classes as a measure of deviation
from the reference value, and class boundary values were
set. Class limits and reference values for each contami-
nant are listed in Table III. Class boundary calculations
were based on the distribution of the relationship between
the recorded values and the reference value. Class 1 rep-
resents the ‘not deviating’ class (blue colour) with ‘unpol-
luted or low polluted’ sites. Sites with a slight to moderate
pollution level are classified as class 2 ‘slightly deviating’
(green). The more polluted sites are assigned to class 3
‘deviating’ (yellow) or 4 ‘strongly deviating’ (red).

On Figs. 8,9, an example is given of a cartographic
and graphic representation of the distribution of Sum
PCBs in eel. Fig. 9 indicates that, of a total of 351 sites,
only 21 % of the sites are relatively clean, while 57 % of
the sites are polluted and assigned to classes 3 or 4 (devi-
ating or strongly deviating from the reference value). The
map shows that most of the unpolluted or low polluted
sites are located in the Yser basin, which is mainly char-
acterized by agricultural land use.

In order to allow general status reports, more con-
densed reporting can be achieved by representing a com-
bination of various chemicals e.g. within a region or as a
function of time. This has been done in the annual state of
the environment and the nature reports of Flanders. An
example is given in Fig. 10 (Peeters et al. 2006). These
representations are useful for showing temporal changes
or spatial variation in environmental and biotic quality.

For Sum PCBs, possible management objectives and
benchmarks have been proposed by Belpaire & Goemans
(2004) and are illustrated in Fig. 11. Action and target

100% 7 . -

90% 4

80% 1

70% A

60% 4

50% A

40% A

30% A

20% 1

10%

threshold values are proposed at 460 and 183 ng/g wet
weight respectively. The action threshold can be seen as a
limit which never may be exceeded; sites above this limit
should be sanitized. The target threshold is the objective
to attain within a planned timeframe.

Eel biomonitoring for evaluating chemical status within
the Water Framework Directive

The eel has a wide geographical, pan-European distri-
bution range. It is exceptional that one bioindicator spe-
cies occurs over such a vast diversity of habitats: the
whole river trajectory from source to estuary and even in
seawater, but also in canals, lakes, ponds and salt water
lagoons. Consequently, eels can be used in reporting the
chemical status of all categories of water bodies within
the river basin approach of the WFD (rivers, lakes, transi-
tional water bodies, coastal water bodies, artificial or
heavily modified water bodies).

We are aware that some methodological problems still
exist. Problems related to sampling procedures, laborato-
ry procedures and quality assurance can hamper compari-
son and harmonisation. Some analytic procedures for the
analysis of certain new chemicals will need further devel-
opment. Nevertheless, from our own work presented in
this paper and elsewhere, we are confident that the Euro-
pean eel is a suitable bioindicator species to use through-
out its distribution area for monitoring a variety of priority
substances in order to evaluate the chemical status of our
waters.

In CEC (2006a), the latest amendment to the WFD
(CEC 2000), 33 substances or groups of substances were
selected as priority substances, some of them of very high

0% A . . , ;
Hg (N=323)  Cd (N=323)

Pb (N=323) Cu(N=297) Zn (N=297)

[=—=]
B Strongly deviating
0O Deviating
O Slightly deviating
W Mot deviating
Ni(N=297)  Cr(N=297) As (N=225)

Fig. 10. — Status of heavy metals in eel in Flanders (after Peeters et al. 2006 in Flanders environmental report 2006). Data distribution
is based on the means per site sampled between 1994 and 2005; the number of sites is indicated. See Table III for reference values and

boundary values of the quality classes of the heavy metals.
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Mean Sum PCB
in eel (ng/g wet weight)

Action threshold

Target threshold

Belgian consumption limit
Reference value
Detection limit

Class 4 sites

Class 3 sites Class 2 sites Class 1 sites

Fig. 11. — Mean Sum PCB values in eel from 351 sites in Flanders (1994-2005): distribution between quality classes and comparison
with threshold values for action or target values as proposed by Belpaire & Goemans (2004). Detection limit (2 ng.g! wet weight), ref-
erence value (29 ng.g"!' wet weight) and the Belgian consumption limit (75 ng.g™' wet weight) are included in the figure.

concern and identified as ‘priority hazardous substances’.
These include some existing chemicals, plant protection
products, biocides, metals and other groups like polyaro-
matic hydrocarbons (PAH) and some polybrominated
biphenylethers (PBDE). Another 8 pollutants are not on
the priority list but fall under the scope of older directives.
The environmental objectives of the WFD are to ensure
the ecological integrity of aquatic ecosystems and the
protection of humans (CEC 2006b). In this approach,
there is definitely a need to have a harmonised basis for
assessment, in particular for international river basins
(CEC 2006b). Emphasis is placed on the measurement of
these hazardous substances in the water column. It is
important to define clear and harmonised standards for
priority substances within the most cost-effective and
appropriate approach. According to CEC (2006a), there
seems to be enough extensive and reliable information on
concentrations of priority substances from measurements
made in water to provide a sufficient basis to ensure com-
prehensive protection and effective pollution control.
Based on information concerning the toxicity, persistency
and bioaccumulation potential of a substance, together
with information on what happens to this chemical in the
environment, it is possible to determine threshold concen-
trations to protect people, flora and fauna. This assess-
ment will be based on ‘environmental quality standards’
(EQS) which are defined as “the concentration of a par-

ticular pollutant or group of pollutants in water, sediment
or biota which should not be exceeded in order to protect
human health and the environment” (CEC 2006a). It is
recognised that sediment and biota remain important
matrices for the monitoring of certain substances by mem-
ber states in order to assess long term impacts of anthro-
pogenic activity and trends. Furthermore, the member
states have to ensure, on the basis of monitoring of the
water status carried out in accordance with the WFD, that
concentrations of substances listed do not increase in sed-
iment and biota. It has been decided, however, that no
EQS would be proposed for sediments and only three for
biota (see above).

We found evidence that current legal chemical quality
standards for the water column are wholly insufficient to
guarantee the health of our aquatic ecosystems. After
comparing the levels of contamination in all compart-
ments of several polluted environments, Weltens et al.
(2003) concluded that legal chemical criteria for the water
column are not suitable to protect the health of the aquatic
organisms. Simple partition models did not adequately
predict the field concentrations in the different compart-
ments nor in biota. We demonstrated that in particular
lipohilic substances are hard to trace in water and the
majority of measurements fall under the D.L., even on
sites where these contaminants attain (very) high levels in
fish. Therefore we strongly support the idea that monitor-
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Framework Focused substances Measures
EEL POLLUTION BIOINDICATOR
Sampling & Analysing
NATIONAL EEL MANAGEMENT PLAN
(Data Collection Regulation)
Focus on lipid content, PCBs, Anguificola, viruses
or other factors affecting spawner guality
EUROPEAN PROTECTIVE
MEASURES FOR EEL
WATER FRAMEWORK DIRECTIVE
(and other environmental issues)
Achieving good chemical status
for 33 substances (CEC 2006a)

WATER QUALITY MEASURES ]

HUMAN HEALTH PROTECTION
SANITARY CONTROL OF FISHERIES PRODUCTS

EU Regulations : Dioxins and PCBs, Cd, Pb, Hy
National legislation, e.g. Belgium Sum PCB,

—b{ FISHERIES AND TRADE RESTRICTIONS ]

Fig. 12. — Possibilities of combined use of monitoring contaminants in the eel.

ing programmes for lipophilic substances should be
focused on biota.

It was admitted by CEC (2006d) that some of the sub-
stances are difficult to determine due to the low concen-
trations and that EQSs based on waterborne exposures are
not protective of aquatic invertebrates and fish in all
cases. It is stated by CEC (2006d) that monitoring pro-
grammes for lipophilic substances should be focused on
biota (and possibly sediment). Following CEC (2006c),
the biggest obstacle to develop EQS for sediment and
biota was the considerable lack of data. Apparently, on
the basis of the given information, it was not possible to
derive systematically such EQS for all those priority sub-
stances. It was however strongly recommended to pro-
duce the required ecotoxicological information for sup-
porting sound EQS at least for these substances. In gener-
al CEC (2006d) believes that specific quality standards
can and should be developed for sediment and biota.
These should be based on direct assessment and monitor-
ing of sediments and biota. Given the biological relevance
of sediment and biota standards and the fact that many
persistent substances accumulate in these media, CEC
(2006¢) underlined the priority need to develop the meth-
odologies and gather further data in order to ensure that
such EQS can be set in the near future.

We documented the availability of bioaccumulation
data for various hazardous substances in one common
aquatic organism within EC countries. Countrywide mon-
itoring networks for eel are already in place in some mem-
ber states and there is additionally a large amount of data
available from short term local studies. The data within

member states however are widely scattered over research
institutes and universities, and not always available to
national agencies committed in the WFD reporting.

We may conclude that, at the time being, the WFD
urges the monitoring of toxic substances in the aquatic
environment to protect aquatic organisms, but fails to
present an appropriate model efficient enough to guaran-
tee this protection.

However, monitoring of contaminants in biota and the
development of biota based EQS is essential to preserve
or restore the ecological integrity of the aquatic environ-
ment and the aquatic organisms themselves. Belpaire &
Goemans (2007) recommended using eel for monitoring
the chemical status of waters within the requirements of
the Water Framework Directive. They give details about
monitoring WFD substances in eels and the percentage of
measurements above D.L. In this paper we further dis-
cussed the analytical advantages of using eel among other
aquatic biota and documented the suitability of this spe-
cies for tracing local and specific chemical pressures. We
provided a normative framework on the basis of the
EPMN bioaccumulation data for a number of PCBs,
OCPs and heavy metals. We compiled an overview of
current monitoring work over the EC. As the eel seems to
be a suitable model when monitoring chemical status in
aquatic biota, we propose to further compile existing data
on a European scale, as a basis to set up eel-based EQS
and for further work. We recommend that a comprehen-
sive research and monitoring project should be started and
coordinated on a European level. A first initiative has
been taken recently by the Working Group on eel (WG
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Eel 2007) starting to compile data on contaminants and
diseases in eel within an European Eel Quality Database.
Twelve countries submitted data on contaminants in eel
for inclusion into this database. Monitoring of the quality
of eel received increased attention. Countries like The
Netherlands and Belgium continue their monitoring pro-
grammes on contaminants, whilst other countries have
initiated eel quality studies. Preliminary interrogation of
the database illustrates the wide variability of contami-
nants and the presence of ‘black spots’ over the distribu-
tion area of the eel. Such examples highlight the benefits
of an eel quality database, and the need for a harmonised
eel quality monitoring network across Europe to feed
such a database (WG Eel 2007).

Using eel as an indicator for the chemical status within
the WFD forms the basis for other required monitoring
programmes, i.e. the required monitoring of the quality of
human foodstuffs (fisheries products) (e.g. CEC 2001,
2006¢) and the sampling for eel quality within the Euro-
pean efforts for the restoration of the species (Data Col-
lection Regulation) as proposed by the Working Group on
Eel (WG Eel 2006) and the Scientific, Technical and Eco-
nomic Committee for Fisheries of the EC (STECF 2006)
(see Fig. 12). Of course, by combining sampling proce-
dures and analytic efforts, these monitoring programmes
become more cost-efficient and -effective. The set up of a
harmonised, Europe-wide chemical monitoring pro-
gramme of eels could stand for triple usage: the evalua-
tion of environmental health and chemical status (national
level and WFD level), the sanitary control of fisheries
products within human food safety regulations, and the
monitoring of eel (spawner) quality within the require-
ments of the international eel restoration plan and the
national Eel Management Plans (STECF 2006). To this
end, it might be envisaged to extend the contaminant
monitoring in yellow eel with analysis in silver eel popu-
lations from specific locations, to trace the quality of the
spawners (e.g. in European basins with high production
of spawners), and to measure against food safety stand-
ards (e.g. within exploited silver eel stocks).

Up-scaling the European monitoring strategy of chem-
icals in the European eel to a worldwide scale seems to be
possible. Other eel species occur in other parts of the
world, and at least some of them share similar ecological
and physiological traits (migration and homing behaviour,
trophic position, fat content,...). In the U.S. and Canada
(Hodson et al. 1994, Castonguay et al. 1994) and in New
Zealand (Buckland et al. 1998) there is already a long his-
tory in using anguillids as sentinel species for selected
chemicals.

Taking into account the high concentration of some
contaminants in certain eel subpopulations (Maes et al.
2007, WG Eel 2007), and the ecotoxicological and repro-
toxic effects of these substances (e.g. Maes et al. 2005,
Palstra et al. 2006), the authors believe that achieving
good chemical status of EU waters will directly benefit

eel restoration efforts. How better to assess the status of
its environment, than using the eel itself?
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