
The effects of contaminants in European eel: a review

Caroline Geeraerts • Claude Belpaire

Accepted: 18 September 2009 / Published online: 6 October 2009

� Springer Science+Business Media, LLC 2009

Abstract European eel (Anguilla anguilla (L.)) stocks

are in decline in most of their geographical distribution and

their status is considered below safe biological limits.

Recently, there is an increasing awareness that spawner

quality might be an essential element in the decline of the

species since pollution by bioaccumulating chemical sub-

stances may have a large impact on the reproduction suc-

cess of the eel. This review gives an overview of the

literature on the effects of contaminants on the European

eel and on the consequences on the biology and fitness of

the eel in order to document the role of pollution in its

decline. A variety of contaminants have been found to

affect the eel. These contaminants may cause disturbance

of the immune system, the reproduction system, the ner-

vous system and the endocrine system and effects were

reported on several levels of biological organization, from

subcellular, organ, individual up to even population level.

More extensive research is needed in order to evaluate how

pollutants are detrimental to eel populations. Getting a

comprehensive overview of the quality (including con-

tamination levels, biomarker responses, lipid content and

condition) of the silver eel population all over Europe

seems to be an essential and urgent objective for the

European eel management.

Keywords Anguilla anguilla � Contaminants �
Effects � Pollution � Stock decline

Introduction

The stocks of the European eel have declined in most of

their geographical distribution and they are considered

below safe biological limits for population survival (Dek-

ker 2002a). There is evidence that anthropogenic factors

e.g. fisheries, pollution, habitat deterioration (such as

migration obstruction) and transfer of parasites, diseases as

well as natural processes e.g. climatic and oceanic changes

and predation have contributed to this decline (ICES 2002).

A growing awareness points to the spawner quality as an

essential element in the decline of the species. The quality

of the silver eels, that start their migration towards the

reproduction sites in the Sargasso Sea, seems to be seri-

ously impaired by pollution, diseases and parasites. Due to

specific ecological and physiological traits, eels are par-

ticularly prone to bioaccumulation of (especially lipo-

philic) contaminants. In Belgium, the INBO Eel Pollutant

Monitoring Network database (network covering Flanders,

northern part of Belgium, http://visapp.milieuinfo.be/

pages/welcome.do), demonstrates a considerable variety

in distribution and levels of contamination in eel, with, at

specific sampling sites, extremely high values of specific

substances (Goemans et al. 2003; Belpaire and Goemans

2007; Maes et al. 2008). Some of these contaminants

accumulate in the fat tissue of eels during their feeding

stage (yellow eels), even to levels that make them unsuited

for consumption (Harrad and Smith 1999; Bilau et al.

2007). On a European scale the collation of data on the

contamination of the European eel within several other

countries allow similar conclusions (ICES 2007, 2008).

Because of their toxicity and persistence in the environ-

ment, many substances have been banned in Europe in the

1970s. Yet, more than 30 years later, e.g. residues of DDT

(dichlorodiphenyltrichloroethane) and other organochlorine
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pesticides continue to be detected in air, rain, soil, surface

water, river bed sediment, and aquatic as well as terrestrial

biota. Moreover, research suggests that low levels of some

contaminants have the potential to affect the development,

reproduction, and behaviour of fish and wildlife, and pos-

sibly of humans as well (Nowell et al. 1999). Adverse

impacts of contaminants have been described in several fish

species in many fresh water habitats and the effects of

contaminants on fish and fisheries are relatively well studied

(for reviews see e.g. Jobling et al. 1998; Nowell et al. 1999;

Jobling et al. 2002a, b, 2006; Lawrence and Elliott 2003; Di

Giulio and Hinton 2008). Pollution impacts include effects

on a variety of levels of biological organisation, from the

subcellular and molecular level, through organism to pop-

ulation and community levels and subsequently to socio-

economic consequences. Impacts are highly determined by

the type of contaminant, and eventually by synergetic pro-

cesses associated through the combination of a mixture of

chemicals. The type of response will also depend on the

developmental stage of the fish and will be influenced by

other environmental factors (e.g. temperature, salinity,

oxygen, pH; Lawrence and Elliott 2003).

Also in eel a variety of effects have been demonstrated

during recent years. Many specific responses to elevated

contaminant pressure have been described on subcellular

level. Even under natural circumstances chemicals affect

vital organs, such as liver. But even more concerning are

reports of effects on lipid metabolism, genetic diversity and

detrimental effects on reproduction and viability of off-

spring. Therefore it is important to obtain insight in the

harmful effects of contaminants. Within the eel, reviews of

the possible effects of various contaminants on the repro-

ductive biology and physiology, have been elaborated

before, e.g. Bruslé (1991), Knights (1997), and Robinet and

Feunteun (2002). Bruslé (1991) gave an overview of eel

contaminated with organic pollutants; Knights (1997) and

Robinet and Feunteun (2002) on the possible toxic effects

on eel.

Quality issues on the eel benefit of increasing attention

in the framework of the international conservation mea-

sures for restoring eel stocks. ‘Quality’ is considered as the

‘quality of spawners’ describing the capacity of silver eels

to reach spawning areas and to produce viable offspring

(ICES 2006). The Joint EIFAC/ICES Working Group on

Eel (ICES 2006) recommended to identify areas producing

high quality spawners with low contaminant burdens in

order to maximize protection for these areas. Attention

should be paid to pollution monitoring within the Eel

Management Plans and within the evaluation of the

chemical status under implementation of the Water

Framework Directive. In 2007, a European Eel Quality

Database (EEQD) was set up to collate information on

contamination in eels over Europe (ICES 2007, 2008).

ICES (2007) recommended to develop and maintain this

database and to initiate harmonized monitoring strategies

for eel within member countries. As a consequence of the

increased international concern about the decline of the

stocks, recent research has paid increasing attention to

measure contaminants in the eel and to investigate the

effects of these substances in the eel. As a result a large and

growing quantity of information became available. The

objective of this paper is to review these new insights on

the effects of pollutant contamination in the European eel

and to document the role of pollution in the decline of the

species. It should further underpin eel management and

restoration plans.

Evidence for exposure and contamination

Eels accumulate lipophilic xenobiotics in the fat. They

often reside in contaminated sediments accumulating high

levels of lipophilic compounds through gills, skin and

contaminated food. Eel is semelparous, carnivorous in its

yellow stage, benthic, and often burrowed in the sediment.

Yellow eel seems quite resistant, surviving in poor water

conditions, and often living in habitats polluted by diverse

contaminants. In the yellow stage, eels are sub-adults,

living in freshwater conditions in which they do not

reproduce. Therefore, body burdens are not seasonally

affected by a reproduction cycle neither by associated

changes in lipid metabolism. Unlike iteroparous species,

there is no loss of contaminants, specifically associated

with annual reproductive processes (fat metabolisation and

production and release of gametes). They can stay for a

prolonged period in freshwater (on average 5.9 years for

males and 8.7 years for females; Vollestad 1992), during

which they continuously bioaccumulate xenobiotics. Con-

centration levels generally increase with age, reaching a

maximum just prior to silvering and emigration. van

Ginneken et al. (2009) report fat percentages in silver eel

reaching up to 27–29% before the onset of migration,

meaning that eels indeed accumulate lipophilic contami-

nants in large quantities. They generally show life-long

accumulation and low depuration rates (Larsson et al.

1991; De Boer et al. 1994; Tulonen and Vuorinen 1996;

Knights 1997; Daverat et al. 2006). In an 8-year study by

De Boer et al. (1994) for example, it was demonstrated that

elimination half-lives of PCBs are in the order of years. For

the higher chlorinated PCBs no elimination was found at

all.

Eel is used as a bioindicator of contaminants (De Boer

and Hagel 1994; Belpaire and Goemans 2007; Belpaire

et al. 2008) and many authors have reported (high) levels

of a variety of xenobiotics in the eel. Belpaire and Goe-

mans (2008) compiled an overview of recent reports
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describing bioaccumulation of various chemicals in eel

within EC countries. The most studied chemicals in eels

are polychlorinated biphenyls (PCBs), pesticides and heavy

metals. However, also polycyclic aromatic hydrocarbons

(PAHs), perfluoro-octanesulphonic acids (PFOS), bromi-

nated flame retardants (BFRs), dioxins and furans, and

volatile organic compounds (VOCs) were reported. Per-

sistently elevated contamination levels, above human

consumption standards, are reported in many European

countries. In 1990, Bruslé (1990) listed the concentration

values and effects of heavy metals and in 1991 (Bruslé

1991) the list was completed with pesticide and (observed)

PCB concentrations and biological effects on eel. He also

listed experimental concentrations of PCBs, phenols and

pesticides in different stages of the eel life cycle. In their

review, Robinet and Feunteun (2002) tabled examples of

reported mean concentrations or concentration ranges of

some PCBs and pesticides in yellow European and

American eel tissues. In 2008, Maes et al. (2008) reported

concentrations of PCBs, organochlorine pesticides and

heavy metals in Belgian eels, and compared them to bio-

accumulation data from other countries. Since the

increasing attention to eel quality and fitness parameters

(within Eel Management Plans), the growing awareness for

monitoring environmental contaminants in aquatic biota,

and a more stringent food control regulated by recent new

European legislation (such as for dioxin-like contami-

nants), the amount of information about the accumulation

of contaminants in eel is increasing rapidly and warrants

the compilation of this data in a comprehensive way. The

most recent overview of data on contaminants, parasites

and fat levels in European eel over its geographical dis-

tribution can be found in the European Eel Quality Data-

base of the Joint EIFAC/ICES Working Group on Eel

(unpublished results). This database compiles data from 14

European countries. Results show persistently elevated

contamination levels above human consumption standards

in many European countries and, demonstrate highly var-

iable data within river basin districts, according to local

anthropogenic pollution, linked with land use (ICES 2008).

Especially the lipophilic contaminants (such as PCBs) may

attain a very high level in eel. Figure 1 gives an overview

of the mean PCB 180 (ng/g BW) data in European eel

muscle for 11 countries and the mean Hg (ng/g BW) data

for 7 countries as cited in a number of reports presented in

the EEQD. This figure shows that in many European

countries PCB levels in eel are at levels of concern. In

general, PCB levels are considerably higher than in other

fish species (Lindell et al. 2001; van Leeuwen et al. 2002;

Maes et al. 2008). The situation is better for the heavy

metal mercury where only in Spain concentrations exceed

the European consumption limit (1000 ng/g BW). How-

ever, the number and choice of sampling sites in the

countries is not always representative for the whole coun-

try. So results must be considered carefully. Considering

the high levels of hazardous compounds accumulating in

eel, it is reasonable to assume that toxic effects in the eel

will be more obvious compared to other species. For a

variety of chemical compounds reports have described the

impact on the health of the eel. Most of them describe

sublethal biological effects, however also pollution induced

mortalities have been reported.

Direct mortalities due to contaminants

Direct lethal effects of contaminants have been reported,

both under field circumstances where fish kills due to some

specific spills or accidents have been documented, and

under laboratory conditions where the lethal effects of

specific chemicals on the survival of the eel have been

studied.

As an example of pesticide-driven events Nowell et al.

(1999) mention the number of fish kills attributed to

organochlorine and organophosphate insecticides, DDT,

and pentachlorophenol. Fish kills on a local scale often

result from inadvertent management of land users (e.g.

spill) but severe fish kills often result from accidental

discharge or leakage on industrial sites producing or pro-

cessing pesticides or other chemical compounds. In 1986

for example, incidents with atrazine were reported at Ciba

Geigi-Bazel, with pesticides at BASF-Ludwigshafen, with

chlorobenzol at Hoechst-Frankfurt (in the River Main),

with methanol at Bayer-Leverkusen, with desinfectants at

Bayer-Krefeld-Uerdingen, and with ethylene glycol at

BASF. Fire-fighting water used to extinguish a fire in an

agrochemical warehouse of the Basel chemical company

Sandoz, contaminated by a variety of pesticides entered in

the Rhine on November 1, 1986. Approximately 6–22 tons

of pesticides are estimated to have been discharged into the

river (about 1–3% of the inventory). This caused extensive

pollution of the river due to pesticides and insecticides,

including mercury-based and zinc-based pesticides. Levels

of mercury in the Dutch section of the river were reported

to be 3 times the normal limits. As a consequence half a

million eels (ca. 200 tonnes) were killed, and the eel

population was affected for years up to 650 km down-

stream (Christou 2000). Following Balint et al. (1997)

deltamethrin (the active ingredient of the insecticide

K-OTHRIN 1 ULV) contributed to the severe eel devasta-

tion that occurred in Lake Balaton in 1991 and 1995, killing

respectively 300 and 30 tons of eels. It seems that when eel

kills occur, it is very hard to correlate these mortalities with

precise chemical factors, because of the complexity of the

pollution load (including a variety of contaminants which

may interact) in many polluted areas (Anonymous 1987).
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In 2007, 25 ton of fish (among which numerous eels) were

killed in the River Meuse due to the discharge of 64 kg

chloropyriphos and 12 kg cypermethrin, two components of

pesticides.

Specific toxicity studies under controlled conditions

reported lethal concentrations of specific compounds on the

European eel. Table 1 gives an overview of lethal toxico-

logical studies from the primary scientific literature,

including LC50 values. A more extensive overview of study

results can be found in the PAN Pesticide Database

(Kegley et al. 2008).

Sublethal biological effects

In most cases contaminants will not result in direct mor-

tality, but will induce sublethal effects. Apart from the

specific toxicity of the contaminants involved, the exposure
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(2002), Gaumert et al. (2003), Bergemann and Gaumert (2005); Ire-
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time and concentration, effects are influenced by a variety

of environmental factors for example, pH, oxygen con-

centration, temperature and salinity. The potential effects

of a contaminant can also be reinforced synergetically if

other contaminants or diseases and parasites are involved,

putting additional pressure on the individual. Many reports

are available mostly from laboratory experiments,

describing the effects of pollution agents on a variety of

biological functions. An overview of these studies,

reporting on the effects of a variety of chemicals on the

European eel is given in Table 2 and a selection of known

responses are discussed below.

Histological and subcellular effects

Exposure to different chemicals may result in chronic

effects which cause organ injuries and tissue damage. In

eel, these effects have been described for PCBs, pesticides,

heavy metals, and PAHs, phenols and PFOS. For example,

Svobodova et al. (1994) described considerable histopa-

thological changes in liver, spleen and kidney from fish as

long term effects of exposure to PCBs both in nature and

under laboratory conditions.

Pesticides are known for their ability to disrupt the

structural integrity of fish gills and it may be assumed that

as a result of the reduced efficiency of the damaged gills to

respiration, the tissues receive less oxygen (Sancho et al.

1997). Pesticide induced hepatic megalocytosis, necrosis,

cellular proliferation, aneurysms, disorganization of second

lamellae, loss of hepatocyte limit etc. has been recently

reported in other fish species (Dutta and Meijer 2003;

Marty et al. 2003; Akaishi et al. 2004; Brown and Steinert

2004). Exposure to a pure PAH, phenanthrene, also denotes

liver cell injury in a tropical fish (Oreochromis mossam-

bicus; Shallaja and D’Silva 2003). Roche et al. (2002)

indicated that tumours in liver and spleen of eels resulted

from long-lasting exposure to a combination of potentially

carcinogenic pollutants (such as PAH, lindane and

dieldrin).

Cadmium effects in European eel were reported by

Gony (1990), who describes structural or functional per-

turbations in the gills like swelling of the primary and

secondary lamellae caused by epithelium hypertrophy and

accumulation of secondary lamellae after 2 h exposure to

5 lg/L cadmium (Cd; Table 2). At the same moment,

melanism appeared in the gill blood vessels. Dependent of

the individual response on cadmium exposure also other

injuries appeared like exfoliation of the epithelium and the

collapse and merging of lamellae. Also liver tissue was

influenced by cadmium exposure.

Copper (Cu) exerts a wide range of physiological effects

in fishes, including increased metallothionein synthesis in

hepatocytes, altered blood chemistry, and histopathology

of gills and skin. Sublethal exposure suppresses resistance

to viral and bacterial pathogens. Rate and extent of copper

accumulation in fish tissues are extremely variable between

species and are further modified by abiotic and biological

variables (Eisler 1997).

Santos et al. (1990) reported skin disruption in adult eel

due to bleached kraft pulp mill effluent (BKPME; Table 2)

and Howard et al. (1971) reported a favourable fish adap-

tation capacity in their study with pulp mill effluents.

DHAA (dihydroabietic acid), a resin acid, also caused

structural changes in the gills impairing oxygen uptake by

causing circulatory vasoconstriction and by increasing the

diffusion distance (Tuurala and Soivio 1982; Pacheco and

Santos 2002a). These histopathological alterations may

have important adverse consequences on fish health, par-

ticularly due to the obstruction of oxygen diffusion across

the gills and the impairment of the osmoregulatory function

(Pacheco and Santos 2002a). Also glomerular injury was

observed, impairing glomerular filtration, just as histolog-

ical alterations in the renal tubules of BKPME-exposed

eels (Santos et al. 1990).

In 1991, Bruslé (1991) reported that acute toxicity of

phenols to eels is characterised first by an exciting phase,

then ataxia, followed by death. Grauby et al. (1973) tested

the toxicity of effluents from a refinery and from chemical

plants and found that the high concentrations of phenols

(17.5–19 mg/L) are responsible for fish kills. Due to a high

fat content of muscle tissue, eel was one fish with a higher

intake (49 ppm in the flesh) than other species. Neff (2009)

on the other hand, reported that phenols are not very toxic

in marine organisms but that toxicity seems to increase

with higher taxonomical position. Phenol can accumulate

in tissue lipids to concentrations that cause tissue disrup-

tion and several chlorinated phenols and nitrogen-substi-

tuted phenols are uncouplers of oxidative phosphorylation.

PFOS induced alterations in the liver have been dem-

onstrated for eels under natural conditions in Belgium

(Hoff et al. 2005).

Effects on blood and organs

It is known that as long as the contaminants are stored in

the fat reserves, toxic effects are minor. But, at the start of

the migration, when the lipids are oxidized and the PCBs

released, PCB-levels in the blood plasma may increase up

to toxic levels. van den Thillart et al. (2005) investigated

the influence of PCBs on the physiology and gonad

development of silver eel during a simulated migration

through experiments in swimming tunnels. They reported a

significant 1.5-fold higher weight loss in the PCB-loaded

groups, which can not be ascribed to the refusal of food but

may be the result of PCB effects on the intermediary

metabolism. In the PCB-loaded groups hypoglycemia was

The effects of contaminants in European eel 245
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observed. PCB exposure, in combination with the swim-

ming protocol, is not stressful as none of the secondary

indicators of a stress response (a rise of lactic acid, an

increase of potassium and an increase of glucose) increased

in PCB loaded and/or swim groups (van Ginneken et al.

2002). From other PCB-studies it can be concluded that

PCB-exposure leads to a lowering of the adrenocortical

function (van den Thillart et al. 2005, Table 2).

Sancho et al. (1997) investigated the sublethal effects of

the organophosphate insecticide fenitrothion (o,o-dime-

thyl-o-3-methyl-4-nitrofenyl phosphorothioate) which is

extensively used in agriculture for crop protection. A

constant sublethal concentration of fenitrothion in the

surrounding water for 96 h appeared to be physiologically

stressful to the European eel. A consistent hyperglycemia

was seen and a spectacular increase of lactate levels

occurred in blood, liver and gill while protein levels

decreased significantly (Table 2). Sancho et al. (1997)

suggested that the development of such internal hypoxic

conditions may be ultimately responsible for the shift to the

less efficient anaerobic metabolism, indicated by the

observed changes in lactic acid contents. These results

agree with those from Ferrando and Andreu-Moliner

(1991a), b) and Gimeno et al. (1994) for A. anguilla

exposed to pesticides (Table 2). Sancho et al. (1997) also

found that the fenitrothion-treated eels exhibited no sig-

nificant change in liver glycogen levels after 5 days of

exposure, but protein content decreased significantly and

hepatomegaly was observed. Holmberg et al. (1972) found

similar results in eel exposed to pentachlorophenol (PCP)

for 8 days. They also found an increased hepatosomatic

index which can be explained by an enlargement of the

liver as a result of the pesticide action. The decrease in

protein content of fenitrothion-intoxicated fish also indi-

cates the physiological adaptability of the fish to compen-

sate for pesticide stress. To overcome the stress the animals

require high energy. This energy demand might have led to

the stimulation of protein catabolism (Sancho et al. 1997)

and might disturb fat metabolism (see below).

A 30-days exposure of eels to DHAA causes splenic

hemosiderosis (a form of iron overload disorder resulting in

the accumulation of hemosiderin) pointing to erythrocytic

catabolism which may result in a decrease in the number of

mature erythrocytes in the circulating blood (Hibiya 1992).

DHAA exposure for 90 and 180 days revealed regression

of the hemosiderosis, indicating erythocytic catabolism

levels close to the control level. This fact may be inter-

preted as a tendency for splenic recovery (Pacheco and

Santos 2002a).

Pesticides (Azzalis et al. 1995), as well as heavy metals

(Stohs and Bagchi 1995) and PAHs (Ibuki and Goto 2002)

are associated with increased free radical concentrations

within the cytosol. These oxidative forms may increase

programmed cell death or disturb cell homeostasis and

cellular necrosis. Also, prenecrotic areas suggest another

necrosis event where the invasion of blood cells in the

tissue is evidence of cell injury. Individuals with high

incidence of necrosis also displayed prenecrosis, strongly

suggesting a continuous exposure to the related xenobiotic

compounds present in the environment (Oliveiro Ribeiro

et al. 2005).

Santos and Hall (1990) studied the influence of inor-

ganic lead (Pb) on the biochemical composition of eel

blood by exposing eels (mean weight 50 g) for 30 days to

300 lg Pb/L (Table 2). A counting of the white blood cells

showed an increased number of lymphocytes and increased

plasma lactate levels in lead-treated eels due to metal

pollution and stress. Lymphocytes are known to be

immunocompetent, relating the immune system by trans-

forming themselves into antibody-producing cells or their

precursors. A significant lymphocytosis indicates the last-

ing action of the toxicant on the immune system.

Golovanova (2008) reported that visceral distribution of

mercury (Hg) in organs and tissues of fish often shows the

following order: muscles [ liver [ intestine [ spleen [
brain [ gonads. This is due to the high content of func-

tional proteins (–SH, –NH2, –COOH, –OH) in muscles,

having high affinity to Hg. Immunotoxic effects following

Hg exposure range from depressed haematopoiesis and

enzyme activity to enhanced immune cell death. Investi-

gators have observed a continuum of effects ranging from

low-dose activation to high-dose inhibition of fish immune

cell function following Hg exposure (Carlson and Zelikoff

2008, Table 2). Relatively low concentrations of Hg have

been shown to increase lymphocyte mitosis and intracel-

lular calcium levels whereas higher concentrations sup-

pressed DNA synthesis, induced rapid calcium influx, and

altered phosphorylation of cell proteins (Carlson and Ze-

likoff 2008). Sanchez-Galan et al. (2001) found that

injected mercury induced micronuclei expression in eels,

the concentration tested being 1.7 lg metal/g body weight

and the micronuclei induction being 2.64 and 2.35 micro-

nuclei per 1,000 cells (Table 2).

Oliveira et al. (2008) indicated that Cu at environmen-

tally realistic levels may pose a serious ecological risk to

fish. After a 7 days exposure to Cu, European eel revealed

a significant metallothionein (MT) induction response in

liver, and the erythrocytic nuclear abnormalities frequency

increased significantly in the Cu exposed group (Table 2).

Teles et al. (2005) studied the sequential exposure to

PAHs and heavy metals by exposing eel for 24 h to chro-

mium (Cr) or copper, with or without a 24 h pre-exposure

to b-naphthoflavone (BNF; Table 2). Single exposures to

Cr decreased plasma T4 (free thyroxin) in eels, and to Cu

resulted in elevated plasma cortisol and glucose (2.5 lM),

as well as plasma lactate (1 lM), whereas a T4 decrease
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was found for both concentrations. In general, plasma T4

was the most affected hormone, as it responded to all Cr

and Cu exposure conditions (Teles et al. 2005). The

interference of BNF pre-exposure on Cr effects was

observed as a significant plasma glucose increase. BNF

pre-exposure prevented plasma cortisol and lactate

increases; however, a greater T4 decrease was observed in

eels exposed to 2.5 lM Cu.

Effects on osmoregulation

Already in 1971 it was accepted that the insecticide DDT

exerts a direct toxic effect on the nervous system in both

vertebrates and invertebrates. Janicki and Kinter (1971)

reported that DDT impairs fluid absorption in intestinal

sacs from eels adapted to seawater. Furthermore, this

functional impairment has an enzymatic basis; DDT also

inhibits the Na? and K? activated, Mg2?-dependent

adenosine triphosphatase (ATP) in homogenates of the

intestinal mucosa and gill filaments (Kinter et al. 1972).

Thus, the extreme sensitivity of teleosts to organochlorine

pollutants may involve the disruption of osmoregulatory

transport mechanisms. Moreover, other organochlorine

insecticides, including endrin also inhibited Na?-K?-

ATPase from fish brain and endrin has been observed to

disrupt osmoregulation in both marine and freshwater tel-

eosts (Kinter et al. 1972).

Cadmium also has a dose-dependent inhibition on

in vitro activities of Na?-K?-ATPase and carbonic anhy-

drase on the intestines and gills of eels. Lionetto et al.

(1998) experienced that these activities were inhibited by

increasing cadmium concentrations with a maximum

inhibition (±80%) at 5 and 50 lM CdCl2 for gill and

intestines Na?-K?-ATPase (Table 2). Carbonic anhydrase

activities, measured in gill homogenate and in cytosolic

and brush border membrane fractions isolated from intes-

tinal mucosa, were significantly inhibited by pre-incubation

(1 h) with CdCl2. Maximal inhibition (about 80%) of

branchial carbonic anhydrase was noted at approximately

60 M; higher concentrations evoked no further significant

inhibition. Intestinal carbonic anhydrase isoforms, cyto-

solic and membrane-bound, exhibited lower sensitivity to

the heavy metal with respect to the branchial carbonic

anhydrase activity, since the highest concentration of

CdCl2 tested produced an inhibition of about 30 and 50%

respectively. These results suggested that cadmium, by

inhibiting the activity of carbonic anhydrase and Na?-K?-

ATPase enzymes in intestine and gills, could alter both

acid–base balance and osmoregulation in eel (Lionetto

et al. 1998). Fabbri et al. (2003) reported that Cd2? and

Hg2? may impair a crucial intracellular transduction

pathway involved in the adrenergic control of glucose

metabolism, but also in several other routes of hormonal

regulation of liver functions. Micromolar concentrations of

both heavy metals significantly reduced the epinephrine-

modulated cAMP levels in isolated eel hepatocytes, in

good agreement with the reduction of glucose output.

DHAA can obstruct oxygen diffusion across the gills and

impair the osmoregulatory function as reported by Pacheco

and Santos (2002a).

Oxidative stress and biomarkers

Organisms dispose of a mono-oxygenase system which

helps them to detoxify contaminants, to remove them from

tissues and to excrete them. Available data indicate that

most of the PCBs are only slowly metabolised, if at all, in

fish. So, an effective way to reduce the toxicity of PCBs is to

store them in lipid tissue, a metabolically relatively inactive

compartment. However, these contaminants are put into

circulation again when eels start migrating and lipid

reserves are consumed. The mono-oxygenase system can be

partially inhibited by hormones e.g. steroid hormones, but

also by temperature, sex, age and food. Reproductive hor-

mones regulate seasonal changes in mono-oxygenase

activity. Before the spawning season, this activity decreases

by natural factors in many fish species (Walton et al. 1983).

But the detoxification mechanism of fish is also stimulated

by foreign chemicals like PCBs. Several studies have

demonstrated that fish P-450-mediated enzyme activity can

be stimulated by PCB mixtures (Melancon et al. 1981;

Ankley et al. 1986; Kleinow et al. 1987). This is supported

by field observations of high levels of mono-oxygenase

activity in fish liver in the Rhine downstream a PCB-

incinerator (Monod et al. 1988). The induction of the mono-

oxygenase activity during spawning can influence the

breeding success of eel and can lead to a decrease in

numbers of young eels (van Ginneken et al. 2009), because

steroids are endogenous substrates for certain types of

mono-oxygenases. The overall effect will result in a

reduction of circulating steroid levels (Sivarajah et al.

1978). An increase in mono-oxygenase activity is related to

a reduction of gamete viability and embryological devel-

opment (Spies and Rice 1988). Starving fish exhibit lower

levels of mono-oxygenase activity than well-nourished fish

(Jimenez et al. 1988). However, as in maturing animals,

pollutants increase mono-oxygenase activity in starving fish

(Jimenez and Burtis 1989). Eels are thought to starve for as

long as their migration endures, which is approximately

6 months. It is likely that during this period the mono-

oxygenase activity increases when PCB levels in the body

increase due to fat oxidation (van Ginneken et al. 2009).

In the past 25 years, numerous biomarkers have been

developed with the objective to apply them for environ-

mental biomonitoring exposure and effects of pollution

(Whyte et al. 2000; Zhu et al. 2006). A biomarker is a
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biological molecule found in blood, other body fluids, or

tissues that is a sign of a normal or abnormal process, or of

a condition or disease. A biomarker may be used to see

how well the body responds to a treatment for a disease or

condition. The selection of an appropriate biomarker for

the contaminant-effect/low dose-response relationship is

frequently a controversial issue, especially when there is

insufficient information concerning the mechanism by

which a contaminant acts (Zhu et al. 2006). Whyte et al.

(2000) describe EROD activity (a catalytic measurement of

cytochrome P4501A induction) as a biomarker in fish. It

already has proven its value as biomarker in a number of

field investigations of bleached kraft mill and industrial

effluents, PAH and PCB contaminated sediments, and

chemical spills (Aubry et al. 2007b).

Several fish studies have reported benzo[a]pyrene (BaP;

Wolkers et al. 1996; Pacheco and Santos 1998, 1999,

2001), DHAA and BKPME (Martel et al. 1994; Pacheco

and Santos 1999) as EROD inducers and strong fish

mutagens. Pacheco and Santos (2002a) studied the bio-

transformation response of eel on the toxicity of these

compounds (Table 2). The results were unexpected

because BaP nor BKPME exhibited considerable total

EROD induction. The response to shorter DHAA expo-

sures also did not corroborate their previous results, despite

the unequivocal total EROD induction exhibited by 180-

day DHAA exposed fish. Pacheco and Santos (2002a)

explained the discrepancy between results either by dif-

ferences between fish lots or by a relative lack of sensitivity

of EROD methodology concerning the measurement on the

whole body. They also discovered that 30-day DHAA

treated eels have epidermis exfoliation probably due to the

abrasive effect of resin acids. Previous studies (Bushnell

et al. 1985; Toivola and Isomaa 1991) pointed to the fact

that an eventual detergent-like action and consequent cell

breakdown directly affecting the eel’s body surface also

has to be considered. Resin acids are important components

of pulp mill effluents; therefore, DHAA may also be par-

tially responsible for the same histological alteration

observed in BKPME-treated fish (Pacheco and Santos

2002a). A study by Oliveira et al. (2003) on the effects of

chromium on liver organ culture after 24 h demonstrated a

serum’s protective effect against chromium EROD inhibi-

tion in liver organ culture (Table 2).

Teles et al. (2003) showed, in agreement with results

from a study of Pacheco and Santos (2002b), an early

significant EROD-activity inhibition after eel exposure to

naphthalene (NAP) and BNF, especially for the highest

NAP concentrations at 2–6 h exposure and for BNF at 2 h

exposure (Table 2). However, a significant EROD activity

increase was detected from 16 to 72 h exposure for

NAP and from 4 to 72 h exposure for BNF. The highest

BNF concentrations were demonstrated to induce

histopathological liver alterations and to impair the EROD

activity response. During the first 8 h exposure to NAP,

erythrocytic nuclear abnormalities (ENA) were observed,

pointing to an increased genotoxic response. However for

longer exposures the ENA frequency returned to control

levels, reflecting a considerable DNA repair capacity and/

or a metabolic adaptation providing an efficient NAP bio-

transformation and consequent detoxification.

In eel and carp (Cyprinius carpio L.) Hoff et al. (2005)

observed a significantly and positively related hepatic

PFOS concentration with the serum alanine aminotrans-

ferase (ALT) activity and a negative correlation with the

serum protein content. The hepatic PFOS concentration in

carp and eel correlated significantly and positively with the

serum ALT activity, a marker for hepatic damage, showing

that PFOS may induce liver damage by disturbing the

membrane structure. A decrease of the total serum protein

content and an increase of hematocrit levels were sug-

gested to be PFOS mediated. Moreover, PFOS has been

shown to induce hepatocyte damage in vivo (Hoff et al.

2003) which might be indicative for a more general cyto-

toxic capacity, that of the gills included.

Metallothionein is generally considered as a storage and

supply site for essential metals such as Zn and Cu which

are utilized in protein synthesis, nucleic acid metabolism

and other metabolic processes (Langston et al. 2002). It has

high affinity to bind Ag, Cd, Cu, Hg, and Zn and, conse-

quently it has been proposed as a specific biomarker for

studying metal exposure (Zhu et al. 2006). In addition to

this regulatory function, MT may also play a role in metal

detoxification. Oliveira et al. (2008) reported that MT

induction was insufficient to prevent endocrine and meta-

bolic alterations as well as genotoxicity/clastogenicity in

blood. Langston et al. (2002) found that MT levels in eels

are a direct function of metal concentration in surrounding

sediment or water. This has recently been further studied

by Van Campenhout et al. (2008) in a field study in Bel-

gium. They studied the effect of metal exposure on the

accumulation and cytosolic speciation of metals in livers of

European eel measuring MT induction. Four sampling sites

in Flanders with different degrees of heavy metal con-

tamination (Cd, Cu, Ni, Pb and Zn) were selected for this

purpose. The cytosolic concentration of Cd, Ni and Pb

increased proportionally with the total liver levels. How-

ever, the cytosolic concentrations of Cu and Zn only

increased above a certain liver tissue threshold level. Cd,

Cu and Zn, but not Pb and Ni, were largely associated with

the MT pool in correspondence with the environmental

exposure and liver tissue concentrations. It was concluded

that the metals, rather than other stress factors, are the

major factor determining MT induction.

Both the redox cycling of heavy metals as well as their

interaction with organic pollutants are a major contributor
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to oxidative stress resulting from aquatic pollution. Oxi-

dative stress is caused by an imbalance between the pro-

duction of reactive oxygen and a biological system’s ability

to readily detoxify the reactive intermediates or easily

repair the resulting damage. All forms of life maintain a

reducing environment within their cells. This reducing

environment is preserved by enzymes that maintain the

reduced state through a constant input of metabolic energy.

Disturbances in this normal redox state can cause toxic

effects through the production of peroxides and free radi-

cals that damage all components of the cell, including

proteins, lipids, and DNA. Ahmad et al. (2005) studied the

oxidative stress response of European eel for 24 h to

copper exposure and to BNF with or without pre-exposure

to BNF (Table 2). Eel gill and kidney oxidative stress

biomarker responses are lipid peroxidation (LPO), gluta-

thione peroxidase (GPX) and catalase (CAT). Exposure to

copper or BNF induces nor in the kidneys neither in the

gills LPO. Double BNF exposures potentiated the risk of

peroxidative damage occurrence in both organs. BNF/Cu

interference on antioxidant responses differs between the

studied organs. In gill, antagonistic effects were denoted

with probable reflex in terms of peroxidative damage

increase. In kidney, BNF pre-exposure prevented CAT and

GPX inhibition by copper; nonetheless, no advantage of

this effect was perceptible as defence against LPO gener-

ation (Ahmad et al. 2005). Ahmad et al. (2006) also

examined the oxidative stress and genotoxic effects of Cr

in gill and kidney of eels (see below).

Pierron et al. (2007b) also investigated the expression

level of various genes involved in the mitochondrial

respiratory chain, in the cellular response to metal and

oxidative stress of glass eels. Their results showed that

hypoxia enhanced ventilation of glass eel and Cd accu-

mulation in gills only at the lowest metal concentration

tested (Table 2). At the gene level, Cd exposure mimicked

the effect of hypoxia since they observed a decrease in

expression of genes involved in the respiratory chain and in

the defence against oxidative stress.

Endocrine disruption

The endocrine system is a tightly regulated system comprised

of a number of specialized glands which synthesize and

secrete hormones under control of the hypothalamic-pituitary

axis. It is instrumental in regulating physiological processes

such as metabolism, growth and the homeostatic control,

reproduction, energy production and osmoregulation.

Several contaminants are known to induce endocrine

disruption. Endocrine disruption in freshwater fish pre-

senting intersex individuals with ovotestes has now been

reported from many places and in many freshwater and

marine fish species (of which the reproduction can be

studied; Jobling et al. 1998). Due to the high contaminant

load in eels, researchers suspect endocrine disruption also

will occur in eels (Versonnen et al. 2004). Versonnen et al.

(2004) investigated plasma vitellogenin (VTG) content,

measured in 142 eels sampled at 20 different locations in

Belgium, in relation to the internal pollution levels (PCBs,

organochlorine pesticides, metals; Table 2). No correla-

tions were found between VTG content and weight, length,

condition, fat content, contaminants or date of sampling.

Plasma VTG content of eels from the field study was very

low, despite a very high internal load of endocrine dis-

rupters. These results, together with previously published

studies of eels sampled at different locations in the UK

during different seasons, suggest that immature yellow

European eel might not be the best sentinel species to study

the effects of estrogenic compounds on VTG levels of wild

fish populations (Livingstone et al. 2000; Peters et al.

2001). The fact that yellow eel might be relatively insen-

sitive (regarding VTG levels) to waterborne endocrine

disrupters is also confirmed by Burzawa-Gerard and

Dumas-Vidal (1991) and Luizi et al. (1997) who found that

high doses of (injected) 17b-estradiol (E2) during 12 days;

Table 2) were needed to induce VTG production in

immature eels. The onset of maturation in the European eel

only takes place during a period of prolonged swimming

which might be a necessary physiological stimulus (van

Ginneken et al. 2007). It is therefore to be expected that

endocrine disrupting effects of pollutants will only become

apparent during the starvation period while migrating or

during the spawning itself (Versonnen et al. 2004).

Two studies by Maria et al. (2006) and Teles et al.

(2007) showed that agricultural chemicals such as fertil-

izers and pesticides, domestic sewage, as well as heavy

metals from electroplating industries, have endocrine,

metabolic and genotoxic responses in eel caged for 48 h at

sites, differing in their distances to the main known pol-

lution source. PCB mixtures and individual chlorobiphenyl

(CB) congeners have various endocrine-disrupting effects,

but ultimate responses may be altered by concurrent effects

on enzyme levels and enzyme activities (Maria et al. 2006).

Evidence suggests that both individual congeners and

mixtures of PCBs and PAHs directly interfere with thyroid

hormone metabolism, with enzymes such as uridine-

diphosphate-glucuronyl transferases (UGTs), iodothyro-

nine deiodinases (IDs) and sulfotransferases (SULTs) in

liver and brain and with the plasma transport system of

thyroid hormones (Brouwer et al. 1998). PCBs interfere

with neuroendocrine systems, partly by exerting estrogenic

effects (Soontornchat et al. 1994). PCBs may interfere with

corticosteroidogenesis and corticosteroid action in a similar

manner as described for gonadosteroidogenesis (Barron

et al. 1995) and thyroid hormone synthesis (McKinney and

Waller 1994; Murk et al. 1994).
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A study by Teles et al. (2003) also revealed endocrine

disruption due to a cortisol-impaired response from 4 to

24 h NAP exposure. However, an adaptation process seems

to occur after 48 h, since the plasma cortisol had a ten-

dency to increase.

Alkylphenols (including octylphenol an nonylphenol,

bisphenol-A, some phthalate esters, several phytoestrogens

of natural plant origin, several PCB congeners, and some

pesticides (kepone, lindane, o,p0-DDT)) have been reported

to be estrogenic, causing endocrine disruption in fish but

only one study on eel was found (Miura et al. 2005). They

studied the effects of para-nonylphenol (p-NP) on sper-

matogenesis of Japanese eel (Anguilla japonica), and

compared it with the action of E2, using an eel testicular

organ culture system. A clearly effect on Sertoli-cells was

seen in the presence of an androgen (11-KT), potentially

disturbing 11-KT-induced spermatogenesis. Due to the

knowledge gaps on eel studies on endocrine disruption,

results from studies on other fish or eel species and other

pollutants than pesticides are mentioned below.

Neff (2009) reports that by the binding of environmental

estrogens, octylphenol or nonylphenol to the estrogen

receptor in fish elicits a variety of specific biochemical

responses, including the synthesis of the egg yolk protein,

in the liver.

Schwaiger et al. (2002) used rainbow trout (Onchoryn-

chus mykiss) as a test organism to evaluate the estrogenic

effects of nonylphenol (NP). The histological examination

revealed no alteration in sex ratios. But in single cases,

intersex occurred in both male and female offspring of

exposed fish. The analysis of sex steroid levels revealed a

2-fold increase of estradiol in the plasma of male offspring

and a 13-fold elevation of testosterone in the plasma of

female progeny. The present findings indicate that NP, in

an environmentally relevant concentration range, acts as a

weak estrogen in directly exposed adult male rainbow trout

as indicated by elevated plasma vitellogenin levels.

Reproduction success was reduced as indicated by

decreased hatching rates. Hormonal imbalances detected in

the offspring of exposed fish indicate a transgenerational

effect mediated by the endocrine system.

Hasselberg et al. (2004) report effects of alkylphenols on

the redox status in first spawning Atlantic cod (Gadus

morhua). Alkyphenols and polyethoxylates bind to the

estrogen receptor resulting in the expression of several

responses both in vitro and in vivo, including the induction

of vitellogenin. The threshold for vitellogenin induction in

fish is 10 lg/L for NP and 3 lg/L for octylphenol (OF).

Polyethoxylates also affect the growth of testes, alter steroid

metabolism, disrupt smoltification and cause intersex (ova-

testes) in fish. The available literature suggests that the

ability of alkyphenols and polyethoxylates to bioaccumu-

late in aquatic biota in the environment is low to moderate.

Genetic variability and genotoxic effects

Cajaraville et al. (2003) reviewed molecular and cellular

impacts of pollution in fish, including genetic damage.

Direct genetic damage may occur by mutagenic chemicals

or radiation, and may affect a wide range of cellular

functions. There is however, limited quantitative knowl-

edge about pollution induced molecular and genetic dam-

age in the eel, and their consequences on individual health,

fecundity and population productivity and viability.

Maes et al. (2005) assessed whether the genetics of

Belgian yellow eels under natural conditions could be

linked to fitness and pollution pressure. A significant

negative correlation was observed between the level of

heavy metal (Hg, Cd, Pb, Cu, Zn, Ni, Cr, As and Se)

bioaccumulation and condition suggesting an impact of

pollution on the health of sub-adult eels. In general, there

was a reduced genetic variability in strongly polluted eels,

as well as a negative correlation between bioaccumulation

level and allozymatic multi-locus heterozygosity. No

pollution related differences were shown for microsatel-

lites, suggesting a differential response at metabolic

enzymes and possibly direct overdominance of heterozy-

gous individuals (Maes et al. 2005). The level of bioac-

cumulation of toxicants is not only dependent on the level

of pollution, but also on the individual’s capacity for

detoxification, which correlates with the individual’s level

of heterozygosity for these enzymes (van Ginneken et al.

2009). Species with a high effective population size

(mostly marine) generally exhibit high levels of hetero-

zygosity and are expected to be more resistant to pollu-

tion; multi-locus heterozygotes often show an increased

fitness over homozygotes (Nevo et al. 1986). Maes and

Volkaert (2007) suggested that locally polluted rivers

would only have a low impact on the entire population

because of the lack of spatial genetic structure at a local

level. Nevertheless, selection during each generation may

erode local genetic variability differentially, slowly

reducing overall genetic variability.

Several authors described genotoxic effects of specific

chemicals. BaP is a very carcinogenic compound which

toxic potential is already demonstrated. Fish liver is a

common target of BaP-induced carcinogenicity, and

CYP1A appears to be primarily responsible for converting

BaP to the 7,8-dihydrodiol and the ultimate carcinogen 7,8-

dihydroxy-9,10-epoxy-7,8,9,10-tetrahydro-benzo[a]pyrene

(BPDE; Van Veld and Nacci 2008). Maria et al. (2002)

described a decrease in blood and liver DNA integrity and

an increase in the frequency of erythrocytic nuclear

abnormalities, CYP1A protein levels, EROD activity and

PAH metabolites in bile from European eel exposed to BaP

(Table 2). Nigro et al. (2002) and Nogueira et al. (2006)

observed an elevated DNA damage and a significant
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induction of apoptosis (cell death) in eel, after exposure to

BaP (Table 2). Jha (2004) concluded that BaP induced

DNA breaks could lead to induction of chromosomal

aberrations which are also associated with initiation and

promotion of cancer. Induction of heritable mutations in

germ cells could have long term detrimental effects on

population survival (Jha 2004).

The combination of several contaminants may act syn-

ergetically and reinforce effects. The study on the

sequential exposure to PAHs and heavy metals of eel by

Teles et al. (2005) revealed that the pre-treatment with

BNF was crucial for genotoxicity expression because only

BNF ? 2.5 lM Cu-exposed eels exhibited significant

induction of erythrocytic nuclear abnormalities.

Gravato et al. (2006) did a similar experiment and found

that BNF pre-exposure promoted a significant increase in

liver EROD activity, but did not change the other responses

investigated in eels. Liver total glutathione, reduced glu-

tathione (GSH) and GSH/oxidized glutathione levels were

slightly decreased, liver glutathione reductase and catalase

activities were significantly inhibited, and liver DNA

integrity decreased by 1 and 2.5 lM Cu in eels pre-exposed

to BNF (Table 2).

Ahmad et al. (2006) examined the oxidative stress and

genotoxic effects of Cr in gill and kidney of eels

(Table 2). They demonstrated that in gills, GSH played a

crucial role in genotoxicity and that sporadic induction of

antioxidant enzymes was not effective in the protection

against genotoxicity. A different mechanism occurred in

kidney, since the loss of DNA integrity detected for all

exposed groups was not accompanied by alterations in

antioxidant levels. The interference of BNF pre-exposure

with the response of organs to Cr showed a marked

dependence on the Cr concentration. The lowest Cr con-

centration induced an increase on LPO and GPX as well

as on CAT and GSH decrease in gills, and an LPO

increase and GSH decrease in kidney. For the highest

concentration, an additive effect on the decrease of DNA

integrity and an antagonistic effect on the increase of

GPX were observed in gills, as well as a CAT and GST

decrease in kidney. In contrast, an antagonistic action was

observed on DNA integrity loss for both Cr concentra-

tions (Ahmad et al. 2006).

Genotoxic effects of pollution in eel have also been

described under field conditions. Two field studies pre-

sented by Maria et al. (2006) and Teles et al. (2007)

demonstrated increased plasma cortisol and glucose con-

centration levels in eels at three exposure sites close to a

pollution source. The three exposure sites, are polluted by

genotoxic compounds. The genotoxic effects induced in eel

suggested a differential level in contamination by geno-

toxic chemicals at the exposure sites (Maria et al. 2006) in

function of the distance to the source.

Ethology

Recent research (Bureau Du Colombier et al. 2007) dem-

onstrates contaminant induced changes in behaviour in

glass eel. The activity of glass eel with different load of

metals was assessed in flume experiments. Active glass eel

had significant lower body concentrations of Pb and Zn

than inactive ones (Bureau Du Colombier et al. 2007).

Bureau Du Colombier et al. (2007) explain the difference

in body concentrations from different levels of contami-

nation in glass eels entering the estuary and/or different

accumulation levels when exposed to micro-pollutants

during their estuarine migration. Contamination might then

affect migratory efficiency, for example throughout

swimming performance, resulting in the different levels of

activity observed in the flume.

Contaminants and parasites

There may be considerable interaction of contaminants and

disease agents with respect to their effect on the eel. These

interactions may be complex. Contaminants may induce

disease outbreaks, and can influence the immune system of

the eel. Some parasites may bioconcentrate specific con-

taminants and hence may suppress the detrimental effect of

these chemicals on the eel.

In 1977 Rødsæther et al. (1977) exposed eels to copper-

contaminated freshwater and reported mortality due to

vibriosis (Vibrio anguillarum). Eels kept in non-contami-

nated freshwater (\6 qg Cu/L) remained healthy. Rødsæ-

ther et al. (1977) suggested that V. anguillarum is a

common inhabitant of eels, and copper can change a

commensal association between fish and bacterium to one

of pathogenicity. Probably this illustrated a decrease in

immune response induced by copper (Table 2).

Toxicants like PCBs have been related to resistance to

diseases, viruses and parasites. Sures (2006) demonstrated

that parasites: (1) may influence the metabolism of pollu-

tants such as PCBs, in infected eels, (2) interact with pol-

lution in synergistic or antagonistic ways, and (3) may

induce physiological reactions in eels which were thought

to be pollutant-induced. Experimental studies showed that

alterations in pollutant uptake and accumulation in differ-

ent intermediate and final hosts due to parasites are very

important in the field of ecotoxicology. Sures (2006) points

that in addition to such alterations, there is a close inter-

action between the effects of pollutants and parasites which

seems to be mediated at least partly by the endocrine

system, which itself is closely related to the immune sys-

tem in fish.

Fat oxidation (e.g. as a result of contamination, see later)

could lead to immuno-suppression, thus to reduced resis-

tance to diseases, viruses and parasites. In combination
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with swimming, the EVEX virus causes haemorrhages and

anaemia resulting in the death of the animals after 1,000–

1,500 km (van Ginneken et al. 2005). Sures and Knopf

(2004) showed that in eels 3,30,4,40,5-pentachlorobiphenyl

(PCB 126) suppresses the humoral response and that it

increased the incidence of infection by the swimbladder

nematode Anguillicoloı̈des crassus. Experimentally infec-

ted eels with Anguillicoloı̈des crassus and exposed to

sublethal concentrations of Cd and PCB 126 showed a

significant increase of Anguillicoloı̈des-specific antibodies

in the peripheral blood 61 days p.i., indicating that it was

not the invasive larvae but the adult worms which elicit the

antibody response (Table 2). The exposure to PCB 126

resulted in a complete suppression of the antibody

response. Sures and Knopf (2004) also indicated that

apparently the Cd concentrations (21.7 ± 12.8 lg/L

(mean ± S.D.)) applied in their study were not high

enough to suppress the immune response of European eels.

Furthermore, as eels are able to withstand environmental

pollution and tend to accumulate heavy metals to a very

high degree (e.g. Mason and Barak 1990; Sures et al.

1994), it seems likely that this species is not sensitive

enough to show alterations in its immune response at low

levels of Cd pollution. The toxicity of PCB 126 seems to be

related to a structural similarity to 2,3,7,8-tetrachlo-

rodibenzo-p-dioxin (TCDD), the most toxic of all haloge-

nated aromatic hydrocarbons (HAH) (Regala et al. 2001).

The degree of immunotoxicity of PCBs correlates with the

degree of binding affinity to the cytosolic aryl hydrocar-

bonreceptor (Ahr; Kafafi et al. 1993), which is a well-

described transcription factor for a variety of gene prod-

ucts, including cytochrome P4501A (Hahn and Stegemann

1994).

The lack of parasites or parasitic lesions in the skin of

DHAA-treated animals indicated that the above reported

abrasive action of DHAA also may be adverse to parasite

fixation, preventing this kind of infestation (Pacheco and

Santos 2002a).

Some parasites have been demonstrated to bio-concen-

trate specific contaminants such as metals, lowering the

concentration of these chemicals in host tissues and hence

suppressing the detrimental effects on the host. The

intensity of the accumulation is parasite-specific and may

be influenced by external factors. The effect of salinity and

the mode of application (oral versus aqueous) on the lead

accumulation in different eel tissues and its parasites

Anguillicoloı̈des crassus (Nematoda) and Paratenuisentis

ambiguous (Acanthocephala) was investigated by Zim-

merman et al. (1999). Waterborne as well as dietary lead

exposure caused an increase in the metal levels of different

eel tissues and its parasites. The mode of lead application

had a significant influence on the distribution of lead in the

fish tissues, and the resulting metal concentrations were

approximately 20–2,000 times higher in P. ambiguus than

in A. crassus. These differences may be due to the different

microhabitats and nutrient uptake mechanisms of both

parasite species (Zimmerman et al. 1999).

Eira et al. (2009) give evidence for the possible role of

cestode infection in metal metabolization/storage processes

in host tissues. They studied the effect of Proteocephalus

macrocephalus on the accumulation of trace elements (Cr,

Cu, Ni, Pb, Zn) in contaminated eel. Results showed

decreased levels of Ni and Cr in kidney and liver tissue of

eels while P. macrocephalus individuals accumulated these

contaminants. Bioaccumulation of Cu, Cr and Pb in

A. crassus varied according to eel co-infection with

P. macrocephalus.

But A. crassus is also able to excrete mercury in

detoxification processes as is shown by Palı́ková and Barus

(2003) who found less mercury in A. crassus tissue com-

pared to the tissue of its final host eel. Low efficacy of

mercury accumulation (and also of other heavy metals) that

they found in A. crassus enables to exclude in this parasite-

host system, the influence of the parasite on decreasing the

heavy metal concentrations in body tissues of infected eel

specimens.

Evidence for biological effects on migration

and reproduction

Lipid energy reserves and silvering

A number of studies have shown that the silvering process,

the subsequent downstream and transoceanic reproductive

migration, as well as gonad maturation, can only take place

if a sufficient quantity of energy is stored as lipids. Under a

critical fat mass in their yellow stage (28%), silvering may

not even be initiated (Thurow 1959; Larsson et al. 1990).

Boëtius and Boëtius (1980) estimated that the total stored

lipids must exceed 20% of the body weight to cover the

migratory needs of the European silver eel (female). van

den Thillart et al. (2004, 2005) found that European eel is

able to swim 5,500 km showing that energy reserves are, in

principle, sufficient for migration to the Sargasso Sea. Fat

consumption for a complete run would be 126.5 mg/g wet

weight (van den Thillart et al. 2005) which corresponds to

60% of the total fat reserve of most silver eels. Calculations

based on the number of oocytes and fat percentage in

oocytes show that almost 40% of the total fat reserve is

required for incorporation in oocytes. Thus animals with

less than 13% (of the body weight) fat would not be able to

swim 6,000 km. An additional 7% (of the body weight) is

needed for oocytes. It is hypothesized that eels with

insufficient fat content (\13% of the body weight) will not

continue their migration activity but first linger
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downstream, only to continue their migration later. A value

of 20% (of the body weight) fat is also the average for

migrating silver eels, implying that only half of the silver

eels is capable of successful migration and reproduction

(van den Thillart et al. 2005). Establishing sufficient lipid

energy is thus essential in the life cycle of the eel. How-

ever, a significant decrease of the muscle lipid contents of

yellow eels in Belgium and The Netherlands have been

observed recently (Belpaire et al. 2009). The magnitude of

this decrease was considerable: from 20.0 to 12.3% over a

13-year period since 1994 in Belgium and from 20.6 to

13.1% in the Netherlands, now questioning the ability of

these eels to start silvering and to achieve their spawning

migration.

Several authors described negative effects of specific

contaminants on the lipid metabolism of the eel. Ceron et al.

(1996) and Fernandez-Vega et al. (1999) demonstrated that

lipid accumulation in eel was disturbed due to inhibition of

the acetyl cholinesterase (AChE) activity after pesticide

exposure. Ceron et al. (1996) studied the effects of the

insecticide diazinon on the AChE activity in different eel

tissues (brains, plasma and eye tissue) exposed to sublethal

doses (Table 2). Fernandez-Vega et al. (1999) exposed eels

to a sublethal concentration of the herbicide thiobencarb

(S-chlorobenzyldiethylthiocarbamate). The results showed

that thiobencarb is significantly limiting the plasma AChE-

activity from the first contact with the poison (Table 2).

ChE-activity, which is also a valid bio-indicator of orga-

nochlorine pesticides and PCBs exposure in fishes, affects

lipidogenesis by inducing a fast lipid mobilisation by

involuntarily and continuous muscular activity and subse-

quently reduce migration efficiency and breeding success

(Corsi et al. 2005). Also fenitrothion was shown to affect

lipid metabolism: eels under laboratory conditions showed

an increased fat consumption in the presence of this orga-

nophosphate insecticide (Sancho et al. 1998a) and thus

lower efficiency of lipid storage (Table 2).

Pierron et al. (2007a) investigated the possible impact of

cadmium on the lipid storage efficiency of yellow eels.

After a 1 month exposure to 0 and 5 lg/L Cd (Table 2), Cd

toxicity was examined by studying the activity and

expression level of several enzymes involved in liver

lipolysis and lipogenesis and by determining lipid content

in eel muscle. The observations suggested an increased fat

consumption in presence of cadmium, which could com-

promise successful reproduction.

Hu et al. (2003) reported that perfluorinated compounds

are known to affect lipid metabolism, through alterations in

cell membrane properties in fish.

In Belgium, the relationships between lipid content and

various environmental variables were studied by analysing

an extensive dataset of contaminants. It was demonstrated

that PCBs (especially the higher chlorinated ones) and

DDTs had a negative impact on the lipid content of the eel

(Geeraerts et al. 2007).

Endocrine disruption, presenting intersex individuals

with ovotestes, has now been reported from many places

and in many freshwater and marine fish species. Indirectly,

endocrine disruption might also affect fat storage due to

specific chemicals, some of them mimicking the steroid

hormone oestrogen (Turner and Sharpe 1997).

Reproduction

A multitude of reports are available describing the detri-

mental effects of contaminants on the reproductive biology

of fish. Contaminants may affect the endocrine system and

disable the normal development of gonads, but also may

interact with embryonic development, hatching and growth

of larvae.

Due to the complex life cycle of the eel and the diffi-

culties for artificial reproduction, reports on the pollution

impact of contaminants on the eel are limited.

During maturation of female European silver eels, about

60 g fat per kg eel is incorporated in the oocytes (Palstra

et al. 2007). According to the great importance of lipids in

the egg-maturation process (Nassour and Léger 1989), a

deficiency of lipid reserves available for gonad maturation

may lead to a decrease of egg production with conse-

quences on reproductive success (Henderson and Tocher

1987). In eel, 1.72 g eggs can be produced with one gram

of fat (as presented in van Ginneken and van den Thillart

2000). Belpaire et al. (2009) described a potential decrease

in fertility in eel, due to the observed lowered fat stores,

presumably as a result of the impact of contaminants.

Together with the fat metabolisation during the migra-

tion, persistent organic pollutants such as dioxin-like

polychlorinated biphenyls are metabolised too. The nega-

tive impact of highly contaminated lipid reserves in eel,

explaining the stock decrease in Europe, has been sug-

gested by Larsson et al. (1990): while the lipid reserves are

depleted during migration, contaminants are released into

the blood and may damage reproductive organs and affect

embryogenesis.

Remobilization of pollutants to gonads might also occur

with heavy metals, as demonstrated for cadmium. Pierron

et al. (2008) reported that, after 30 days of Cd exposure, a

significant metal accumulation was observed in the kidney,

the liver, the gills and the digestive tract of Cd exposed eels

(Table 2). Thereafter, during the maturation phase, which

unfolded in Cd-free sea water, a significant increase in Cd

content in gonads and kidney of Cd pre-contaminated eels

was observed. This was associated in these animals with a

significant decrease in Cd content of gills and digestive tract.

Palstra et al. (2006) observed a negative correlation

between embryo survival time and TEQ (toxic equivalent)
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levels in the gonads implying TEQ-induced teratogenic

effects. The disrupting effects occurred at levels below

4 pg TEQ/g wet weight gonad, which are below the EU

maximum consumption limit for dioxin in food (Palstra

et al. 2006, Table 2). PCB exposure also led to swelling of

the yolk-sac and especially the pericardium (elevated wet

weights of embryos/larvae), thus showing disturbed hy-

dromineral balance (oedema). This indicates a disturbed

water balance, which in adult fishes induces a stress

response, partly controlled by the Hypothalamus Pituitary

Interrenal (HPI) axis via cortisol (van Ginneken et al.

2009).

Many new contaminants such as BFRs, alkylphenols,

phthalates, PFOS, etc. have been released and considering

their demonstrated reprotoxic activities, cause now

increasing concern. Studies on the effect of these com-

pounds on the eel reproduction are missing. BFRs can

cause developmental effects, endocrine disruption, immu-

notoxicity, reproductive, and long term effects, including

second generation effects in chub (Leuciscus cephalus),

bream (Abramis brama), and perch (Perca fluviatilis)

(Hajslova et al. 2007). Norman et al. (2007) reported a dose

related increase in number of atretic oocytes in female

zebrafish exposed to a BFR mixture, which might indicate

disturbed ovulation. Exposure to BFR at high dose

(100 nM/g) resulted in a lowered spawning success. A

reduced hatching success was seen in offspring from fish

exposed to the BFR high dose. Uptake in adult fish and

maternal transfer was shown for the BFR mixture in a

parallel study (Rattfelt et al. 2008). To the best of our

knowledge no studies are available on the effects of BFRs

on (the reproduction of) the eel, but it was reported that in

some rivers BFR bioaccumulates to very high levels in eels

(e.g. in Belgium Belpaire et al. 2003; Roosens et al. 2008).

No studies were found on the effect of bisphenol A

(BPA) on eel but on brown trout (Salmo trutta f. fario).

Lahnsteiner et al. (2005) reported that in males exposed to

estimated BPA concentrations of 1.75 and 2.40 lg/L

semen quality was lower than in the control in the begin-

ning of spawning (reduced sperm density, motility rate, and

swimming velocity) and in the middle of spawning

(reduced swimming velocity, at 2.40 lg/L BPA also

reduced sperm motility rate). Therefore, production of high

quality semen was restricted to the end of the spawning

season and delayed for approximately 4 weeks in compari-

son to the control. At BPA exposure levels of 5.00 lg/L

only one of eight males gave semen of low quality (reduced

semen mass, motility rate, and swimming velocity). The

percentage of ovulated females was similar for the control

group and the groups exposed to estimated BPA concen-

trations of 1.75 and 2.40 lg/L, whereas at 5.00 lg/L BPA

females did not ovulate during the investigation. Therefore,

the tested BPA concentrations affected the percentage of

ovulated females and the time point of ovulation. No effect

was observed on the quality of eggs (egg mass, percentile

mass increase during hardening, egg fertility).

Conclusions

It is obvious that eel is not as resistant as is generally

assumed. Due to its apparent robustness to fluctuations in

temperature, salinity, food availability, oxygen and even

temporary emersion, eel is considered as a resistant species

but recent studies indicate the contrary. Its characteristic

life cycle makes the eel very sensitive to bioaccumulating

contaminants, although effects at population level are dif-

ficult to measure in the continental immature phase. Many

studies, recently been undertaken to study the degree and

the effects of pollution on the eel and international concern

about the stock decline resulted in an increasing quantity of

information that demonstrates the negative impact of pol-

lution on eel. A variety of contaminants have been found to

affect the eel and effects were reported on several levels of

biological organization, from subcellular, organ, individual

up to even population level.

The toxic effects can occur at different moments in eel’s

life cycle: during growing, silvering, migration, the

development of reproductive cells, and larval stage. Most

reports deal with the yellow eel stage and a wide range of

effects have been demonstrated. However, in the yellow eel

phase, the effects are apparently less harmful, because

contaminants are stored in lipid tissue while growing. They

also can be bio-concentrated in parasites (Zimmerman

et al. 1999; Eira et al. 2009). It is assumed that most toxic

effects start to harm during the silvering phase, when

morphological and physiological changes take place initi-

ated by hormonal changes. Meanwhile, fat is being

metabolized, resulting in a remobilization of the live-long

accumulated contaminants. Silver eels migrating to the

Sargasso Sea, stop feeding and live on their fat stores.

Thus, the energy stores must be sufficient to cover the

6,000 km long journey and to produce enough good quality

eggs. Recent observations of decreasing fat stores in yellow

eel questioned the ability for eels to succeed in fulfilling

this migration and spawning (Belpaire et al. 2009). Some

chemicals such as PCBs and Cd have been demonstrated to

disturb the fat metabolism. A continuous fat burning during

migration means an increasing continuous availability of

contaminants and a high level of toxicity in the eel. This

toxicity causes disturbance of the immune system, the

reproduction system, the nervous system and the endocrine

system. So the toxification leads to physiological distur-

bance, diminished resistance to infections of viruses and

parasites, leading to a disturbed reproduction and finally

even death of the eel. Both, the reduction of the lipid
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energy as a consequence of (specific) contaminants, and the

mobilization of high loads of reprotoxic chemicals during

migration, seem to be key elements decreasing the proba-

bility of a successful migration and normal reproduction.

Hence, contaminants are believed to be an important issue

in understanding the reasons of the decline of the species.

Eels are more vulnerable than other fish as they

accumulate contaminants to a much higher degree than

other species. In many fish species in western Europe,

pollution has been reported to hamper normal reproduc-

tion and larval development (endocrine disruption). Con-

sidering the high levels of contamination in eels for many

areas, endocrine disruption in mature silver eels can be

expected, jeopardizing normal reproduction (Belpaire

2008). Many contaminants are widespread and measured

concentrations are at a level which more than likely is

causing ecotoxicological effects in eel. The review also

shows that effects of contamination not only are mea-

surable under laboratory conditions but also have been

described in wild eel under natural circumstances in

several countries (e.g. Maes et al. 2005; Maria et al. 2006;

Geeraerts et al. 2007; Belpaire et al. 2009). It also has

been demonstrated that the presence of parasites may

synergetically reinforce the effects of some contaminants

in the eel (e.g. Sures and Knopf 2004). Evidencing direct

impact of pollution on the population dynamics is extre-

mely difficult due to their complex life cycle. Therefore,

the process of understanding the role of pollution is only

advancing in dribs and drabs. Despite the enormous gaps

of knowledge, this review demonstrated the increasing

amount of evidence illustrating the detrimental impact of

chemicals on diverse biological processes in eel, includ-

ing physiology, migration and reproduction.

According to the data of eel landings the decline of the

eel stock started as early as the mid-1960s (Dekker 2002b)

while the recruitment started to come down early 1980s

(EIFAC 1985). Many artificial chemicals have been

developed and put on the market during the previous

century, and production increased simultaneous with the

post World War II intensification of agricultural and

industrial activities. The more or less simultaneous

decreases in recruitment in the Northern-hemisphere

Anguilla species (A. Anguilla, A. rostrata and A. japonica)

during the last 30 years, is an additional argument

endorsing the idea that some contaminants which quickly

spread over the industrialized world could be considered as

key elements in the eel decline.

Recommendations

It is clear that more extensive research is necessary in order

to evaluate how pollutants are detrimental to eel

populations. Older substances such as PCBs, heavy metals

and some pesticides are relatively well studied, however

the impact on the eel of newer chemicals (e.g. BFRs, bi-

sphenol A, VOCs, PFOS, alkylphenols, phthalates,…)

which are known to pose serious and increasing problems

in aquatic ecosystems, is poorly understood. The complex

life cycle of the eel hampers studies of the toxic effects of

individual chemicals on the reproduction of the eel. But, as

controlled reproduction of A. japonica on experimental

scale is now possible, this gives new opportunities for

experimental work on the reprotoxic effect of (individual

or combined) contaminants on the eel.

The development of adequate biomarkers indicating

biological effects (see e.g. Aubry et al. 2007a, b; Maes and

Volkaert 2007) with a great sensitivity for both the con-

centration and length of exposure will be another challenge

and would allow detection of the genetic variation under-

lying environmentally dependent fitness traits in eels.

For the EU eel recovery plan (European Commission

2007) which is concentrating its efforts on the increase of

the quantity of silver eels leaving continental waters, it is

recommended to include empathically the quality aspect in

the stock wide recovery plan. Quality targets should

include contamination levels, biomarker responses, lipid

content and condition. Getting a comprehensive overview

of the quality of the silver eel population all over Europe

seems to be an essential and urgent objective for the

European eel management.
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Elbe 2005. Wassergütestelle Elbe, Hamburg, p 6

Bilau L, Sioen I, Matthys C, De Vocht A, Goemans G, Belpaire C,

Willems JL, De Henauw S (2007) Probabilistic approach to

polychlorinated biphenyl (PCB) exposure through eel consump-

tion in recreational fishermen vs. the general population. Food

Addit Contam 24(12):1–8
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