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Abstract In the light of the alarming decline of the

European eel (Anguilla anguilla L.) population, there is an

urgent need to define ecological indicators for eel habitat

quality. Due to an increasing shortage of glass eels available

for local stock enhancement, the decision of whether

restocking is a valuable management tool to increase high-

quality silver eel escapement to the sea needs to be evalu-

ated. Organic contaminants, such as polycyclic aromatic

hydrocarbons (PAHs), are among the major threats to fish in

their habitat. Therefore, the aim of the investigation pre-

sented here was to examine metabolites of PAHs in eel bile

as one possible marker for habitat quality. In total, 170

yellow eels were collected in the rivers Rhine, Ems, Weser,

Elbe, Havel, Schlei, Eider, Trave, Warnow, Peene, Uecker,

and Oder in 2009. PAH metabolites in eel bile were ana-

lyzed using high-performance liquid chromatography with

fluorescence detection. Metabolites of pyrene and phenan-

threne were investigated. Concentrations of PAH metabo-

lites in eel bile varied significantly between several rivers,

with the highest mean concentrations of 1-hydroxypyrene

and 1-hydroxyphenanthrene in eel bile from the river Trave

(2421 and 632 ng/ml). Moreover, huge differences in the

ratio of 1-hydroxypyrene to 1-hydroxyphenanthrene, with

the highest mean value in eel bile from the river Ems (7.43)

and the lowest mean value in eel bile from the river Uecker

(0.70), indicate different sources of PAH contamination. A

comparative analysis of PAH-metabolite contamination of

eels in different river systems is seen as a first step toward a

classification of freshwater habitats for restocking purposes.

The abundance of the European eel (Anguilla anguilla L.)

population is at a historical minimum and continues to

decrease (ICES 2009). Therefore, the European Commis-

sion decided on a management framework (European

Union [EU] 1100/2007) with the objective being to rebuild

the stock. This council regulation requires national eel-

management plans (EMPs) to guarantee for each European

river basin a minimum escapement to the sea of 40% of the

silver eel biomass relative to the best estimate of escape-

ment that would have existed if no anthropogenic influ-

ences had impacted the stock. The management tools used

to reach this target are up to the EU Member States and

include decreased fishing efforts (such as catch limitations,

closed seasons, or increased minimum landing-size limits),

habitat restoration, and restocking of juvenile eel.

In some EU member states, restocking represents the

most important measure in EMPs. However, in the light of

the dramatically decreased recruitment, the scientific

opinion toward common stocking practices of eels have

been discussed controversially regarding the question of

local versus global surplus to spawning stock to the risk of

spreading diseases and parasites (Svedäng and Wickström

1997; Limburg et al. 2003; Westin 2003). Because glass

eels and eel elvers are caught in the wild and transported

during long distances to their release sites, it is further

debatable whether these fish are still able to return to their
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spawning grounds in the Sargasso Sea after reaching

maturation. In addition, due to the fact that the European

eel consists of one single panmictic population, restocking

should only be conducted if stocked eels face greater

habitat quality and/or lower anthropogenic mortalities at

their final destination compared with their waters of origin.

Recently, increasing attention has been paid to such qual-

itative aspects, in particular, diseases and organic con-

taminants, such as polycyclic aromatic hydrocarbons

(PAHs; ICES 2010a). However, eel habitat-quality char-

acterization based on organic contaminates is completely

lacking in Germany.

PAHs are a group of hydrophobic organic compounds

that are ubiquitous pollutants derived from pyrogenic and

petrogenic sources (Vuorinen et al. 2006). The load of

these contaminants in aquatic ecosystems is often corre-

lated with degree of urbanization (Meador et al. 1995; Van

der Oost et al. 2003), shipping traffic, and combustion of

fossil fuels, oil, and coal (Varanasi et al. 1989; O’Malley

et al. 1996). Atmospheric input can be an important source

of aquatic PAH pollution as well (Ruddock et al. 2003). In

rivers, PAHs tend to accumulate in sediments (Notar et al.

2001), where they can be present in thousand-fold greater

concentrations than those in the overlying water (James

and Kleinow 1993). Studies applying sediment bioassays,

as well as bioassay-directed fractionation on German river

sediments, showed PAHs as being major lipophilic toxi-

cants (Brack et al. 1999). Fish absorb PAHs mainly by way

of the gills but also through the body surface and by

ingestion of contaminated sediment or food (Varanasi et al.

1989). The assimilated PAHs can be rapidly metabolized in

two main phases. In the phase I reaction, the catalytic

activity of oxidases causes the addition of hydroxyl groups

to the parent molecule. In the phase II reaction, various

polar moieties are conjugated to the phase I products to

facilitate excretion (Di Giulio et al. 1995).

PAHs and related metabolic compounds, such as epox-

ides and diolepoxides, have repeatedly been shown to

cause deleterious effects in fish (Stein et al. 1990; Aas et al.

2000b). Although Myers et al. (2003) linked PAH exposure

to increased levels of neoplastic and neoplasia-related

aberrations or tumors in fish liver, epoxides and dioepox-

ides are known to cause DNA adducts, which may induce

cancer (van Schooten et al. 1995). Thus, PAH contamina-

tion in aquatic ecosystems is a cause for serious concern.

The major site of PAH metabolism is the liver, and

metabolites produced here are secreted into bile and stored

in the gall bladder before being excreted into the intestine

until the next feeding (Varanasi and Stein 1991; Au et al.

1999). The extensive PAH metabolism in fish (Meador

et al. 1995) does not render an adequate assessment of

exposure by measuring PAHs directly (Fenet et al. 2006).

Thus, an alternative but indirect indicator of exposure is the

concentration of PAH metabolites in the bile fluid of fish.

Assessment of bile PAH metabolites by high-performance

liquid chromatography (HPLC) with fluorescence detection

has proven useful as a method for PAH monitoring

(Kammann 2007). A review on analytical methods to

determine PAH metabolites has been published recently

(Beyer et al. 2010). The major metabolite in fish bile is

1-hydroxypyrene, which contributes B76% of the sum of

PAH metabolites (Ruddock et al. 2003). Other metabolites

detected in considerably lower levels are 1-hydroxyphe-

nanthrene, 1-hydroxychrysene, and three metabolites of

benzo(a)pyrene (Ruddock et al. 2003). Determination

of PAH metabolites has previously been performed in bile of

several marine fish species, such as dab Limanda limanda

(van Schanke et al. 2001; Luthe et al. 2002; Kammann

2007), hornyhead turbot Pleuronichthys verticalis (Roy

et al. 2003), eelpout Zoarces viviparous (Vuorinen et al.

2006), and flounder Platichthys flesus (Reynolds et al. 2003)

either after (experimental) exposure of fish to PAHs in vivo

or in fish caught in the wild. Consequently, PAH monitoring

has been established as a part of several international envi-

ronmental programs (Organization for the Protection of the

Marine Environment of the North-East Atlantic 1998).

As benthic and largely benthivorous fish, fat-rich species

of eels are known to show high affinity for organic con-

taminants compared with other freshwater and diadromous

fishes. Some studies concerning the assessment of PAH

contamination in European eel are restricted to PAH parent

compounds (Pointet and Milliet 2000; Buet et al. 2006),

which are rapidly metabolized in fish. Due to this rapid

metabolisation, the concentration of PAH in fish tissue and

fluids are generally low and do not reflect the pollution

level. Some studies have been published on PAH metab-

olites in eel bile (Ruddock et al. 2002; Gorbi et al. 2005;

Ribeiro et al. 2005). In these publications, fish from estu-

aries and lagoons have been used. Little information is

available on PAH-metabolite levels in freshwater eels (van

der Oost et al. 1996; Fenet et al. 2006). Most of the studies

mentioned previously did not consider important parame-

ters, such as sex or feeding status of eels, which have been

reported to influence the biliary PAH-metabolite concen-

tration (Aas et al. 2000a; Vuorinen et al. 2006). In the light

of the German EMPs, there is a strong need for information

of PAH contamination of eels living in European fresh-

water areas to identify suitable eel habitats. A comparative

analysis of organic contamination of eels from different

river systems is seen as a first step toward classification of

freshwater habitats for restocking purposes. In the light of

still-declining glass eel recruitment along the European

coast, science based criteria on how to best use this limited

resource is urgently needed.

Thus, the aim of the present study was to perform the first

comprehensive investigation of biliary PAH-metabolite

Arch Environ Contam Toxicol (2012) 62:254–263 255

123



concentrations in eels from 12 rivers to elucidate spatial

differences in PAH contamination and to describe

PAH pollution as one factor of habitat quality of European

eels.

Materials and Methods

Sampling of Fish

European eels were caught under natural conditions at one

location per river site (mostly downstream) where com-

mercial eel fishery was available. The German rivers under

investigation were the Rhine, Ems, Weser, Elbe, Havel,

Schlei, Eider, Trave, Warnow, Peene, Uecker, and Oder.

Fifteen yellow eels per river were collected between May

and June in 2009 (Fig. 1). After transferring eels into the

laboratory, they were killed by exposure to an overdose of

clove oil (Carl Roth GmbH, Karlsruhe, Germany) or by

cervical vertebrate dislocation. Eels were weighed and

measured to the nearest 0.5 g and 0.5 cm, respectively, to

calculate condition factor (CF) as follows: CF (%) = total

body weight (g)/total length (cm)3 * 100. Proportion of

liver to whole-body weight was calculated as the hepato-

somatic index (HSI) as follows: HSI (%) = liver weight

(g)/total body weight (g) * 100.

According to Durif et al. (2005), female eels were

classified into five maturation stages (silvering index [SI]).

The stages corresponded to growth phase (stage I and II,

yellow eel), a premigrant phase (stage III), and two

migrating phases (stage IV and V, silver eel). Eels with an

SI of IV and V were excluded (stage IV n = 5 and stage V

n = 2; Table 1). These eels differ in feeding behavior

compared with yellow eels (stage I and II) and in dietary

Fig. 1 Overview of eel

sampling in German river basin

districts. Locations of

commercial eel catches, where

eel samples were collected,

include the following rivers:

1 Rhine, 2 Ems, 3 Weser,

4 Elbe, 5 Havel, 6 Schlei,

7 Eider, 8 Trave, 9 Warnow,

10 Peene, 11 Uecker, and

12 Oder
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status, which may influence the concentration of PAH

metabolites in bile (Collier and Varanasi 1991; Aas et al.

2000a). Bile fluid was removed from the gallbladder using

a syringe (Henke Sass Wolf, Tuttlingen, Germany) with a

disposable hypodermic needle (0.6 9 30 mm; B. Braun,

Emmenbrücke, Germany), and samples were stored at

-20�C until further examination.

Chemicals

Standard solutions of 1-hydroxypyrene (1-OH-Pyr) and

1-hydroxyphenanthrene (1-OH-Phen) were supplied by

Dr. Ehrenstorfer GmbH (Augsburg, Germany) with certi-

fied concentrations. Ascorbic acid was purchased from

Sigma-Aldrich (Munich, Germany). Acetonitrile (hyper-

grade for HPLC), methanol (gradient grade for HPLC),

ethanol (absolute), trifluoroacetic acid (spectroscopic

quality) and ß-glucuronidase–arylsulfatase mixture were

purchased from VWR International GmbH (Darmstadt,

Germany). HPLC water (gradient grade) came from Mal-

linckrodt Baker (Deventer, the Netherlands).

Treatment of Bile Samples, HPLC, and Ultraviolet

Analysis

PAH metabolites in bile samples were determined by a

modified version of the method described by Kammann

(2007) based on Krahn et al. (1984). A volume of 25 ll

bile was mixed with 95 ll water to which 5 ll ß-glucur-

onidase/arylsulfatase solution (30/60 U/ml) were added.

The resultant solution was incubated for 2 h at 37�C on a

heated shaker. The reaction was stopped by addition of

125 ll ethanol containing 5 mg/ml ascorbic acid. The final

solution represents a 10-fold dilution of the bile sample and

was centrifuged (5 min, 7009 g). The clear supernatant

was immediately used for HPLC analysis. Concentrations

of 1-OH-Pyr and 1-OH-Phen were determined in a 50-ll

aliquot using a LaChrom HPLC system (Merck Hitachi)

comprising a quaternary pump (L-7100), an auto sampler

(L-7200), and a fluorescence detector (L-7480). Standard

solutions were diluted in acetonitrile containing 5 mg/ml

ascorbic acid and stored in the dark. According to Kam-

mann (2007), samples were chromatographed with a flow

of 0.55 ml/min on a Nucleosil 100-3 C18 (3 9 125 mm)

reverse-phase column equipped with a guard column. The

initial mobile phase was acetonitrile/0.1% trifluoroacetic

acid 50/50 (v/v). After 10 min, the solvent composition

progressively changed to 60% acetonitrile during 4 min

and changed afterward to 100% acetonitrile during 2 min.

The excitation/emission wavelength pairs for 1-OH-Pyr

and 1-OH-Phen were 346/384 and 256/380 nm, respec-

tively. Ultraviolet (UV)-absorption measurement was per-

formed in 1:20 diluted bile fluids by means of a microplate

reader (FLUOstar OPTIMA; BMG Labtech, Offenburg,

Germany) at 380 and 660 nm, respectively. Biliverdin was

calculated from the absorption at 660 nm using the molar

extinction coefficient according to Grossbard et al. (1987).

Quality Assurance

Every sample was hydrolysed and subjected to HPLC

analysis twice. The limit of detection (LD) and the limit of

quantification (LQ) were calculated from a standard curve

according to Deutsches Institut für Normung 32645 (1994)

with a confidence level of 99%. Considering the dilution of

the sample during sample preparation, an LD of 3.4 and an

LQ of 22.5 ng/ml bile were determined for 1-OH-Pyr. For

1-OH-Phen, an LD of 0.5 and an LQ of 1.7 ng/ml were

Table 1 Number of eel, mean length, wet weight, CF, HSI, and SI of 170 yellow eels collected from 12 German rivers in May and June 2009

River n Length (cm) Weight (g) CF (%) HSI (%) SI

Rhine 15 59.4 ± 8.6 353.6 ± 153.7 0.16 ± 0.01f 1.33 ± 0.23klmnopq 2.40 ± 0.63t

Ems 12 48.9 ± 5.2ab 228.7 ± 107.4c 0.19 ± 0.02e 1.38 ± 0.34klmno 1.92 ± 0.52rs

Weser 14 58.1 ± 10.9 379.4 ± 234.4 0.17 ± 0.03j 2.04 ± 0.50l 2.00 ± 0.56rs

Elbe 15 54.9 ± 7.9a 263.3 ± 115.0c 0.15 ± 0.02ef 1.78 ± 0.43q 2.27 ± 0.59

Havel 15 59.3 ± 6.0 366.9 ± 156.4 0.17 ± 0.02 1.96 ± 0.42o 2.33 ± 0.49

Schlei 13 53.0 ± 15.8a 372.5 ± 399.0 0.18 ± 0.03g 2.20 ± 0.43k 1.69 ± 0.75rst

Eider 15 49.6 ± 7.2ab 186.9 ± 113.7cd 0.14 ± 0.02efghij 1.67 ± 0.23k 2.07 ± 0.59rs

Trave 15 57.7 ± 7.2 323.1 ± 147.6 0.16 ± 0.03f 1.69 ± 0.37k 2.20 ± 0.41

Warnow 13 62.0 ± 7.1b 472.3 ± 176.3d 0.19 ± 0.02f 1.81 ± 0.26p 2.77 ± 0.44s

Peene 15 57.0 ± 4.6 315.9 ± 99.9 0.17 ± 0.02 1.95 ± 0.41m 2.20 ± 0.41

Uecker 13 66.0 ± 8.9a 521.5 ± 231.9c 0.17 ± 0.02i 1.57 ± 0.26kl 2.85 ± 0.38r

Oder 14 58.1 ± 11.3 403.8 ± 297.9 0.18 ± 0.03h 1.94 ± 0.44n 2.07 ± 0.48rs

All values are expressed as means ± SDs. Letters in bold type indicate values that are significantly greater (Tukey–Kramer pairwise comparison,

p \ 0.05) than values with the same letters in regular type
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calculated. A fish-bile sample as laboratory reference

material was included in every sample batch to monitor the

stability of the method by measuring 1-OH-Pyr. Calibra-

tions consisting of five standard concentrations were

repeated daily with every sample batch.

Statistics

KYPLOT (version 2.0 Beta 15, 1997–2001; Tokyo, Japan)

was used to perform statistical analysis of length, weight,

CF, HIS, SI, biliverdin, and A380. Data are expressed as

means ± SDs. Intergroup differences were considered

significant at p \ 0.05 according to one-way analysis of

variance followed by Tukey–Kramer pairwise comparison.

Fischer’s least significance difference (LSD) test was used to

identify significant differences in means of 1-OH-Pyr

and 1-OP-Phen concentrations between rivers (p \ 0.05,

p \ 0.01, and p \ 0.001). Regression-tree analysis (De’Ath

and Fabricius 2000) was used to determine the most likely

inducer of variability among the numeric response variables

(metabolite concentrations). We included eel length, weight,

CF, HSI, and SI as predictor variables. Multiple comparisons

of partitions were conducted based on chi-square statis-

tics according to Pearson with Bonferroni adjustment

(p \ 0.05).

Results

Mean values of the investigated variables total length, wet

weight, CF, HSI, SI, as well as bile pigments biliverdin and

A380 (sum parameter of pigments), varied significantly

between rivers (Table 1). Variation in mean total length and

mean weight of eels may indicate size selection by fishing

gear (stow net, eel pot, fyke net, electrofishing) and/or

selection by different mesh sizes. These variations were

reflected in mean CF, which ranged from 0.14 in the river

Eider to 0.19 in the rivers Ems and Warnow (Tukey–Kramer

test, p \ 0.001). HSI differed significantly between rivers,

with highest mean value in the river Schlei (2.20 ± 0.43%)

and the lowest mean value in the river Rhine (1.33 ±

0.23%; Tukey–Kramer test, p \ 0.001). Regarding matu-

ration stage of eels, significant differences in SI were

observed in the rivers Uecker (2.85 ± 0.38) and Warnow

(2.77 ± 0.44) compared to the rivers Eider (2.0 ± 0.63),

Schlei (1.69 ± 0.75), Weser (2.0 ± 0.56), and Ems

(1.86 ± 0.54) (Table 1; Tukey–Kramer test, p \ 0.001).

For all rivers, the dominant PAH metabolite was 1-OH-

Pyr. The individual results of 1-OH-Pyr covered a broad

range, from\22.5 ng/ml in the river Uecker to 3724.5 ng/

ml in the river Trave (see Table 2). The highest mean value

of 1-OH-Pyr was found in eel bile from the river Trave

(2420.8 ng/ml; range 1315.5–3724.5; see Table 2), which

was significantly greater than 1-OH-Pyr mean values in

eels from of all of the other rivers (Fischer’s LSD test,

p \ 0.001). The lowest mean 1-OH-Pyr value was detected

in the river Uecker, with a concentration of 109.7 ng/ml.

The mean 1-OH-Pyr concentrations were arranged in the

following rank order: Trave [ Elbe [ Oder [ Warnow [
Eider [ Weser [ Peene [ Ems [ Havel [ Rhine [ Schlei

[ Uecker. The individual results of 1-OH-Phen were

considerably lower than the values for 1-OH-Pyr but with a

similarly range in their concentration pattern (Table 2;

Fig. 2). The minimum concentration of 1-OH-Phen was

Table 2 Concentration of biliary PAH metabolites in European eel (A. anguilla)

River 1-OH-Pyr (ng/ml) 1-OH-Phen (ng/ml) Biliverdin (nmol/ml) A380 (a.u./ml)

Mean SDs Mean SDs Mean SDs Mean SDs

Rhine 284.2abcde 113.9 162.3ijkl 166.0 1.59n 0.76 1.01w 0.36

Ems 394.5abcdh 225.0 52.7ijklm 23.5 0.65nopqr 0.59 0.78u 0.38

Weser 488.3abf 334.2 116.9ijklm 57.8 1.38o 0.86 0.71uvw 0.32

Elbe 929.2ab 420.1 264.2ijm 153.6 1.27p 0.41 0.78u 0.24

Havel 305.6abcde 147.9 82.7ijklm 40.3 0.39nopqrst 0.32 0.82u 0.36

Schlei 223.1abcdef 200.7 123.1ijklm 126.9 0.71nopq 0.67 0.98 0.51

Eider 539.5abe 247.3 117.7ijklm 79.1 1.14nq 0.42 0.76uv 0.31

Trave 2420.8a 638.2 632.4i 178.9 1.09nr 0.64 1.05v 0.06

Warnow 655.5abc 514.8 438.0ij 391.2 0.47nopqrst 0.39 0.87 0.28

Peene 415.5abg 167.5 278.0ijl 96.8 0.58nopqrs 0.44 1.12u 0.54

Uecker 110.9abcdefgh 52.4 155.8ijkl 74.9 1.04 ns 0.42 0.86 0.26

Oder 651.6abd 258.7 299.4ijk 85.7 0.94nopt 0.50 0.74uv 0.35

Means ? SDs for 1-OH-Pyr, 1-OH-Phen, biliverdin, and A380 are given. Letters in bold type indicate values that are significantly greater (LSD

test, p \ 0.05) than values with the same letters in regular type
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measured in eel bile from the river Rhine (12.8 ng/ml), and

the overall maximum was detected in eel bile from the

river Warnow (1633.7 ng/ml; Fig. 2; Table 2). In line with

the results for 1-OH-Pyr, the highest mean value of 1-OH-

Phen was found in eel bile of the river Trave (632.4 ng/ml;

Fischer’s LSD test, p \ 0.001). The lowest mean value of

1-OH-Phen was detected in the river Ems (52.7 ng/ml;

Table 2). The rank order of the mean 1-OH-Phen concen-

trations was as follows: Trave [ Warnow [ Oder [ Peene

[ Elbe [ Uecker [ Rhine [ Eider [ Weser [ Schlei [
Havel [ Ems.

Regression-tree analysis identified the location of com-

mercial eel catches (rivers) as the major inducer of vari-

ability on the concentrations of 1-OH-Pyr (chi-square test,

F = 116.1, p \ 0.05) and 1-OH-Phen (chi-square test,

F = 43.6, p \ 0.05). In general, the highest PAH-metab-

olite concentrations were detected in the river Trave (see

previous text). Beyond the location of catch, none of the

biological parameters influenced variability of biliary

PAH-metabolite concentrations in eel.

Evaluation of the ratio of 1-OH-Pyr to 1-OH-Phen

provides the significantly highest mean ratio (7.4) in eel

bile of the river Ems compared with eel bile from all of the

other rivers (Fischer’s LSD test, p \ 0.001). The lowest

ratio of 1-OH-Pyr to 1-OH-Phen was observed in eel bile

from the river Uecker (0.7). Among the eel bile samples

from 12 rivers, the ratio of 1-OH-Pyr to 1-OH-Phen of the

river Uecker was \ 1, suggesting a greater proportion of

phenanthrene in the PAH contamination of the river

Uecker compared with other rivers. The rank order of the

mean ratio of 1-OH-Pyr to 1-OH-Phen was as follows:

Ems [ Eider [ Havel [ Elbe [ Weser [ Trave [ Rhine

[ Oder [ Schlei [ Warnow [ Peene [ Uecker (Fig. 3).

Because of the weak correlation between 1-OH-Pyr and

bile pigments (biliverdin [r2 = 0.07]; A380 [r2 = 0.009])

the PAH-metabolite results are presented as nanograms per

milliliter without previous normalization to bile pigments.

Discussion

1-OH-Pyr was found to be the major PAH metabolite in eel

bile, with individual concentrations varying from \22.5 to

3725.5 ng/ml, supporting its role as an indicator metabolite

of PAH contamination in fish (Lin et al. 1994; Eggens et al.

1996). This is in line with reports for the marine spe-

cies flounder (Pleuronectes platessa), plaice (Platichthys

flesus), and dab (Limanda limanda) (Ariese et al. 1993;

Kammann 2007).

Using this PAH metabolite as indicator for PAH expo-

sure, eel from the river Trave is exposed to the highest

PAH contamination. Trave eels were caught next to the

city of Luebeck (200,000 inhabitants). Cities and port

activities are known PAH sources for the aquatic envi-

ronment (Notar et al. 2001; Fenet et al. 2006; Kammann

and Gercken 2010). Surprisingly, eels from the rivers Elbe

and Oder, which were caught in the immediate vicinity of

shipping routes or bigger cities, are only medium

Fig. 2 PAH metabolites

detected in the bile of European

eels from 12 German rivers.

1-OH-Pyr (open boxes) and

1-OH-Phen (dashed boxes)

concentrations are shown

(ng/ml). Boxes represent

means ± SDs, and whiskers
represent minimum/maximum

of the observations (Fischer’s

LSD test, ***p \ 0.001)
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contaminated. In contrast, samples from the other rivers

were taken in agriculture-dominated areas. Eels from the

river Uecker exhibit the lowest contamination and at the

same time a relatively high amount of 1-OH-Phen com-

pared with 1-OH-Pyr, indicating a different contamination

source. The small river Uecker has no importance for

commercial shipping. However, one single sampling point

may not be representative for a longer river, which may

have different possible point sources of PAHs. More

sampling along one larger river in Germany is planned for

future studies to shed additional light on sources of PAH

contamination in eel.

1-OH-Phen was generally detected in lower concentra-

tions than 1-OH-Pyr. This may be related to the fact that

phenanthrenes strongly bind to sediment particles, resulting

in decreased bioavailability (Yuan et al. 2001). However, in

our study, a huge variation in the ratio of 1-OH-Pyr to 1-OH-

Pheno was observed, indicating different PAH contamina-

tion sources mainly to the river Uecker on one hand and the

river Ems on the other hand. Comparing absolute 1-OH-Pyr

values to published results for other species, considerably

lower concentrations have been reported for marine fish

caught offshore, with maximum levels approximately

120 ng/ml (Kammann 2007). Fish caught in estuarine or

coastal waters have been found to exhibit significantly

greater concentrations B3000 ng/ml (Kammann and Gerc-

ken 2010; Vuorinen et al. 2006; Pikkarainen 2006; Escartin

and Porte 1999). Investigations of PAH metabolites in

European eels caught in the United Kingdom estuaries

showed 1-OH-Pyr concentrations in bile ranging from 120 to

7600 ng/ml (Ruddock et al. 2003), which is in accordance

with the concentrations found in the present study.

PAH-metabolite concentrations in fish bile are known to

vary significantly between fish species (Escartin and Porte

1999). In addition, metabolite levels seem to be affected by

sex (Vuorinen et al. 2006) as well as environmental factors,

such as temperature (Buhler and Williams 1989; Vuorinen

et al. 2006) and dietary status (Collier and Varanasi 1991;

Aas et al. 2000a). Taking this into account, only female

yellow eels with a mean SI between 1.69 and 2.85 (SI

calculated according to Durif et al. 2005) were analyzed in

this study. Previous studies dealing with PAH pollution in

European eels either did not determine sex at all (Pointet

and Milliet 2000; Roche et al. 2002; Ruddock et al. 2002,

2003) or analyzed immature eels (Ribeiro et al. 2005). In

contrast, only female eels of comparable size and weight

were analyzed by van Schooten et al. (1995) to assess PAH

exposure in eels from Dutch freshwaters. The dietary status

of fish affects the concentration of PAH metabolites in bile

(Collier and Varanasi 1991; Aas et al. 2000a) because food

in the gut causes the release of bile into the intestine

(Brumley et al. 1998). In fish that have not been recently

fed, metabolites tend to become concentrated in bile due to

resorption of water across the gallbladder (Ariese et al.

1993). One approach to compensate for this concentration

effect is to relate metabolite levels to biliverdin absor-

bance. The green bile pigment, biliverdin, has been used

before as a relating parameter (Ariese et al. 1993; Aas et al.

Fig. 3 The ratio of 1-OH-Pyr to

1-OH-Phen in the bile of

European eels from 12 German

rivers. Boxes represent

means ± SDs, and whiskers
represent minimum/maximum

of the observations (Fischer’s

LSD test, ***p \ 0.001, n.s. no

significant differences between

the marked values)
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2000b; Ruddock et al. 2003; Richardson et al. 2004). UV

absorption of the bile at 380 nm (A380) describes the bile

pigments as a sum and can also been used for normaliza-

tion (Ariese et al. 1997). Both parameters are linked to the

color of bile. Richardson et al. (2004) compared the coef-

ficients of variation (CVs) before and after normalization

and detected no or little improvement by using biliverdin as

a relating parameter. Due to fairly poor correlations, the

CV of 1-OH pyrene within one group (eels from one river)

typically did not improve (decrease) much with normali-

zation: The CV for 1-OH-pyrene decreased in only 6 of 12

groups after normalization to A380 compared with non-

normalized results (data not shown). The statistical spread

within a group does therefore not improve much with

normalization. Furthermore, normalization itself adds

another source of variability. Regarding normalization, our

data are consistent with the results of Aas et al. (2000a) and

Richardson et al. (2004). Both investigators presented their

data as nonnormalized in ng/ml but recommended that bile

be normalized to biliverdin, especially if marked differ-

ences in feeding status of fish might occur.

We conclude that neither biliverdin nor A380 absorbance

are candidate parameters for PAH-metabolite normaliza-

tion in bile of female yellow eels with a similar maturation

stage and dietary status. Whether eels show any biological

response or even suffer from PAH contamination is still

unknown. Derived from toxicological studies with fish

exposed to crude oil, ICES (2010b) recently published

environmental-assessment criteria for PAH metabolites

that toggle this problem for some marine fish species, with

threshold values set in the range of 483–909 and

262–1832 ng/ml for 1-OH-Pyr and 1-OH-Phen, respec-

tively. Because some of the values found here exceed these

threshold levels, negative biological responses cannot be

excluded.

Conclusion

As a benthivorous species, the European eel (A. anguilla)

may suffer from harmful contaminants, such as PAHs, in

freshwater habitats where they accumulate in the sediment.

It is suggested that the PAH metabolites in eel bile could

be used as one parameter among others to describe the

quality of freshwater habitats. The dominant PAH metab-

olite was 1-OH-Pyr, and thus it is therefore the best indi-

cator in eel bile for PAH pollution. The patterns of single

PAHs may indicate different derivation of PAH pollution

in the rivers. Therefore, the relation of 1-OH-Pyr to 1-OH-

Phen may reflect different sources of PAH contamination.

This first comprehensive investigation of biliary PAH

metabolites in eels from 12 rivers in Germany can be

helpful in the evaluation of PAH contamination of the

aquatic environment and could support the effort to iden-

tify suitable eel habitats.
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