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Abstract
Background: Populations of the European eel (Anguilla anguilla) are declining rapidly and are now considered
below safe biological limits. High pollution levels are one of the possible reasons for this decline. Contaminant
levels are also of concern with regard to human consumption. This study examined the contamination levels of
eels from the North Rhine-Westphalian catchment area of the Rhine and from adjacent rivers. A total of 119
eels from 13 sampling sites were analysed for polychlorinated dibenzo-p-dioxins and furans (PCDD/PCDFs),
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), mercury, perfluorooctane sulfonate
(PFOS) and hexachlorobenzene (HCB).
Results: North Rhine-Westphalian eels had very high levels of contaminants comparable to eels from other
European water bodies which are strongly influenced by anthropogenic activities. Mean values for PCDD/PCDFs
ranged between 0.5 and 5.4 pg WHO2005 toxicity equivalents (TEQ)/g, for PCDD/PCDF + dl-PCBs between 6.3 and
44.7 pg WHO2005 TEQ/g, for indicator PCBs between 165 and 1,630 ng/g wet weight (ww), for 6 PBDEs between 9.2
and 242 μg/kg ww, for mercury between 0.069 and 0.314 mg/kg ww, for PFOS between 8.3 and 49 μg/kg ww and
for HCB between 3.4 and 50 μg/kg ww. For certain sampling sites, high contamination contents of the eels could
be attributed to local sources. Congener patterns for PCBs and PBDEs were described, and biota to suspended
matter ratios were calculated.
Conclusions: Pollution levels in eels from North Rhine-Westphalia are declining with regard to some contaminants
but are still very high. Due to the high contaminant contents, eels from the rivers investigated are not suitable for
human consumption. Furthermore, the concentrations of endocrine disrupting contaminants such as PCBs, PCDD/PCDFs
and PBDEs in the eels are in a range which might have deleterious effects on the eel populations.
Keywords: Biota monitoring; Contaminant levels; Dioxins; PCB; HCB; PBDE; PFOS; Mercury; European eel
(Anguilla anguilla)

Background
The European eel (Anguilla anguilla L.) used to be an
abundant species but since the beginnings of the 1980s,
populations have been declining sharply [1]. Amongst
the possible reasons for this decline are over exploitation, habitat loss [2], migration barriers [3], the introduction of pathogens such as Anguillicoloides crassus [4]
and adverse effects of contaminants [5,6].
Due to their high body lipid content and due to ecological features such as a bottom dwelling way of life,
longevity and a predatory feeding mode eels are particularly prone to bioaccumulate lipophilic contaminants.
* Correspondence: barbara.guhl@lanuv.nrw.de
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Polychlorinated biphenyls (PCBs) and polychlorinated
dibenzo-p-dioxins and furans (PCDD/PCDFs) especially
have been suspected to impair aquatic organisms due to
their endocrine disrupting mode of action [7]. Eels are
thought to starve during their 6 months journey to their
spawning grounds in the Sargasso Sea. The lipid reserves
of the body are released, and the contaminants stored in
the lipid tissue are put into circulation again [8]. Thus,
during the migration, PCBs and PCDD/PCDFs may reach
harmful concentrations in the blood [9]. Polybrominated
diphenyl ethers (PBDEs) are another group of pollutants
which are also potential endocrine disruptors. In vitro
tests have demonstrated various agonistic and antagonistic
activities of PBDEs with respect to the aryl hydrocarbon
receptor and androgen receptor and to a lesser extend to
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the estrogen and progesterone receptors [10-12]. They are
additionally suspected to effect neurobehavioral development [13]. Other contaminants which are objects of
scientific investigations due to recent legal regulation
are perfluorooctane sulfonate (PFOS), hexachlorobenzene (HCB) and mercury. For PFOS, numerous effects
are reported, e.g. hepatic damage, disturbance of DNA
metabolism [14] and adverse effects on protein expression [15]. Hoff et al. [16] found evidence that HCB has
an impact on various blood parameters. Like other metal
pollutants, mercury has been demonstrated to impair general fitness as assessed by Fulton's condition factor and to
display immunotoxic effects [17,18].
Contaminants in biota have been subject of EU Regulation due to their potential adverse effects on predatory
species (secondary poisoning) and on human health. EU
Directive 2013/39/EU sets environmental quality standards (EQS) for 11 priority substances in biota, amongst
others, for the above-mentioned parameters mercury;
HCB; PCDD/PCDFs; dioxin-like PCBs (dl-PCBS); the
sum of the six indicator PCBs 28, 52, 101, 138, 153 and
180; the sum of the BDE congeners 28, 47, 99, 100, 153
and 154 and PFOS, which have to be met by 2018.
Contaminants in eels have been monitored extensively
with a particular emphasis on PCDD/PCDFs and PCBs.
For example, low toxicity equivalents (TEQ) of PCDD/
PCDFs + dl-PCBs, mostly not exceeding the EQSbiota of
6.5 ng WHO2005-TEQ/kg set by EU Directive 2013/39/
EU, were reported from the Loire [7], and high concentrations, in the range of 20 to nearly 100 ng WHO2005TEQ/kg, were detected in eels from contaminated sites
such as the Elbe near the port of Hamburg [19] and
from certain Belgian rivers [5]. To protect the human
health, EU Regulation 1259/2011 sets a maximum level
of 300 ng/g ww for the indicator PCBs. In a review, Tapie
et al. [20] presented data for the concentration of the six
indicator PCBs + PCB 118 which ranged from <10 ng/g
ww in Irish waters to well over 1,000 ng/g ww in the
Dutch Haringvliet and in the Rhone. About half of the
studies considered in the review reported concentrations
exceeding the EU EQS.
Generally, PBDE concentrations monitored in fish were
two to four orders of magnitude higher than the new biota
EQSbiota of 0.0085 μg/kg ww. Tapie et al. [20] also compiled data about BDE-47 which is usually three-fourths of
the sum of 6 PBDE. The data were reported for different
fish species and ranged from <0.001 μg/kg ww in nearnatural Irish waters to 25 μg/kg ww in the Netherlands.
Even higher values from Dutch waters were reported from
Pujolar et al. [21] who measured a mean concentration of
92 μg/kg ww (sum of ten PBDEs) in female silver eels
from the highly polluted Dessel Schoten Canal. Sühring
et al. [22] analysed nine PBDEs in silver eels from the
upper part of the Rhine and found a mean concentration
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of 21.3 μg/kg. Silver and yellow eels from the Elbe contained an average of 8.3 and 8.9 μg/kg, respectively.
HCB concentrations detected in eel were mostly below
the EU EQSbiota of 10 μg/kg, e.g. [23] but also under exceptional circumstances up to concentrations of 192 μg/
kg [24]. Mercury was well above the EQSbiota of 20 μg/kg
ww in all monitoring studies but usually below the limit
for human consumption of 1 mg/kg ww set by the EU
Commission Regulation 1881/2006. Noël et al. [25] compiled data on Hg concentrations in eels from European
waters which ranged between 10 and 800 μg Hg/kg ww.
EU Directive 2013/39/EU sets an EQSbiota for PFOS of
9.1 μg/kg ww. In a review, Hloušková et al. [26] reported
values for the sum of perfluoroalkyl substances (PFASs)
in fish (PFOS normally comprises at least 90% of the
PFASs present) in a range of 0.2 to up to 1,963 μg/kg
ww. The highest values were reported from polluted
Czech rivers. Data on PFOS concentrations in eel are
scarce. Only data on PFOS contents in the liver have
been published. Roland et al. [15] determined mean liver
concentrations of 31.1 μg/kg in a relatively unpolluted
canal and 230.1 and 329.9 μg/kg for two polluted sites.
Hoff et al. [16] measured mean hepatic PFOS concentrations of 1,387 μg/kg ww in eels from four Belgian water
bodies which are heavily polluted and related to the high
concentrations to fluorochemical production units in the
vicinity of the sampling sites.
The objectives of this study were the description of
contamination patterns in eels from the North RhineWestphalian Rhine region with respect to the EU priority substances and the evaluation of the potential risk to
the eel populations as well as to human health via consumption of eels.

Results and discussion
Figure 1 depicts the location of the sampling sites in
North Rhine-Westphalia (for further details see Methods).
Table 1 sums up the information on the biometric data of
the eels. On average eels were between 7 and 14 years old
and differed accordingly in size and weight. Eels from
the Sieg were relatively small (mean length 47 cm, mean
weight 203 g). The oldest and heaviest eels were collected from the Niers (mean age 14 years, mean weight
861 g). Despite these variations, the mean lipid content
of all sampling sites did not differ significantly (α =0.1).
For most sites, the condition factor varied between 0.17
and 0.22 which is a common range for healthy eels.
Only eels from the Ruhr had an exceptionally high
condition factor of 0.28 which can be attributed to the
fact that the sample included three very old (>15 years)
and heavy eels. As additional information, it should be
pointed out that more than half of all specimens had
skin lesions, hematoma or other external signs of impaired physical health.
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Figure 1 Location of sampling sites in North Rhine-Westphalia.
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Table 1 Arithmetic means and standard deviations for biometric parameters
Sampling site

n

Age (years)

Length (cm)

Weight (g)

Lipid content (%)

Condition factor

Rhein Bonn

9

9.5 ± 2.8

59 ± 12

407 ± 230

22.9 ± 9.7

0.18 ± 0.02

11

7.1 ± 1.8

47 ± 13

250 ± 169

13.9 ± 8.8

0.22 ± 0.08

9

8.7 ± 2.1

62 ± 10

529 ± 245

22.7 ± 5.8

0.20 ± 0.02

Rhein Emmerich

11

a

n.d.

60 ± 10

405 ± 194

26.7 ± 11.2

0.18 ± 0.02

Sieg

10

8.6 ± 2.4

47 ± 7

203 ± 92

13.8 ± 8.0

0.19 ± 0.03

Wupper

Rhein Düsseldorf
Rhein Rees

10

7.6 ± 2.8

49 ± 11

278 ± 165

18.9 ± 8.8

0.21 ± 0.03

Ruhr

9

13.0 ± 4.0

56 ± 12

632 ± 604

26.5 ± 14.1

0.28 ± 0.17

Erft

10

8.8 ± 3.2

47 ± 8

230 ± 127

23.4 ± 12.6

0.20 ± 0.03

9

8.3 ± 2.8

52 ± 10

280 ± 171

21.6 ± 11.8

0.17 ± 0.03

Lippe
Niers

5

14.0 ± 4.6

734 ± 14

861 ± 395

29.1 ± 6.3

0.20 ± 0.02

Schwalm

8

13.4 ± 2.1

67 ± 8

597 ± 194

20.8 ± 7.8

0.20 ± 0.03

10

12.2 ± 2.3

55 ± 6

316 ± 116

25.4 ± 9.6

0.19 ± 0.04

8

9.0 ± 4.3

54 ± 13

375 ± 252

20.6 ± 13.4

0.19 ± 0.03

Rur
Berkel
a

n.d. =not determined.

Results for the sum of PCDDs and PCDFs; for indicator
PCBs, HCB, PFOS, PBDEs and mercury are presented
in Table 2. In the literature, contaminant concentrations are presented per wet weight (ww), dry weight or
lipid normalised (lw). The main focus of this study was
on a compliance check for priority substances according to EU Directive 2013/39/EU and on the investigation of a possible risk for human health. Therefore,
contaminant concentrations are presented as arithmetic means per wet weight. Where necessary, for
comparison with published data, results are converted
to lipid normalised values.

PCDDs, PCDFs and indicator PCBs

Mean concentrations for the sum of PCDDs and PCDFs
are generally below the EQS of Directive 2013/39/EU of
3.5 pg WHO2005 PCDD/PCDF TEQ/g. Exceptions are the
values for the Rhine sites Rees and Emmerich where mean
concentrations reached 4.7 and 5.4 pg WHO2005 PCDD/
PCDF TEQ/g, respectively (significantly different from all
other sampling sites). In contrast, mean concentrations of
the sum of PCDD/PCDF + dl-PCB were nearly always
above the EQS of 6.5 pg WHO2005 PCDD/PCDF +dl-PCB
TEQ/g and also above the maximum level of 10 pg
WHO2005 PCDD/PCDF + dl-PCB TEQ/g in EU Regulation

Table 2 Arithmetic means and standard deviations for chemical parameters
na

∑ PCDD/PCDF + dl-PCB Indicator
HCB (μg/kg) ∑ PBDE
∑ PCDD/PCDF
PCB (ng/g)
(μg/kg)
(pg WHO2005 TEQ/g) (pg WHO2005 TEQ/g)

PFOS (μg/kg) Hg (mg/kg)

9/9

1.8 ± 0.7

17.0 ± 5.9

253 ± 81

23.2 ± 14.7

18.4 ± 5.6

22.9 ± 9.8

0.210 ± 0.116

Rhein Düsseldorf 7/11

1.2 ± 0.7

19.4 ± 7.9

382 ± 152

27.8 ± 11.9

20.7 ± 9.9

27.5 ± 23.6

0.165 ± 0.057

Rhein Rees

9/9

4.7 ± 1.8

39.4 ± 12.9

698 ± 269

35.7 ± 12.8

74.6 ± 30.7

13.7 ± 9.9

0.273 ± 0.058

Rhein Emmerich

11/11 5.4 ± 2.3

44.7 ± 17.8

982 ± 302

50.2 ± 25.2

76.2 ± 28.2

35.8 ± 17.9

0.195 ± 0.059

Sieg

9/10

0.5 ± 0.3

6.3 ± 2.8

165 ± 60

3.4 ± 1.7

9.2 ± 4.0

13.4 ± 2.9

0.069 ± 0.021

Wupper

9/10

0.8 ± 0.3

14.7 ± 3.0

369 ± 88

18.5 ± 6.1

14.3 ± 3.4

30.6 ± 16.9

0.314 ± 0.131

Ruhr

8/9

2.2 ± 1.2

32.2 ± 16.6

800 ± 318

17.1 ± 6.5

23.1 ± 12.8

32.0 ± 14.3

0.077 ± 0.024

Erft

9/10

1.5 ± 0.8

14.5 ± 6.2

301 ± 93

11.6 ± 7.1

13.6 ± 6.6

14.6 ± 7.1

0.075 ± 0.070

Lippe

9/9

1.1 ± 0.5

25.2 ± 22.4

507 ± 544

19.3 ± 8.2

241.9 ± 143.7 15.6 ± 6.7

0.146 ± 0.061

Rhein Bonn

Niers

5/5

2.2 ± 0.5

28.6 ± 6.0

643 ± 197

11.6 ± 2.2

14.1 ± 4.4

49.0 ± 12.5

0.080 ± 0.018

Schwalm

8/8

1.00 ± 0.4

12.3 ± 4.0

216 ± 75

8.8 ± 3.1

8.5 ± 2.5

16.9 ± 7.0

0.106 ± 0.039

Rur

10/10 2.1 ± 1.2

39.6 ± 26.4

1,630 ± 762

12.1 ± 4.8

53.4 ± 30.4

42.3 ± 32.5

0.124 ± 0.030

Berkel

7/8

15.8 ± 10.2

357 ± 377

6.2 ± 4.3

20.8 ± 22.6

8.3 ± 3.0

0.145 ± 0.067

a

1.2 ± 1.3

The first figure represents the number of data for HCB and PFOS, and the second figure represents the number of data for PCDD/PCDFs, dl-PCBs, indicator PCBs,
PBDEs and Hg.
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1259/2011. Highest mean TEQ concentrations were determined for eels from Emmerich (44.7 pg WHO2005 PCDD/
PCDF+dl-PCB TEQ/g), Rees (39.4 pg WHO2005 PCDD/
PCDF+dl-PCB TEQ/g), the Rur (39.6 pg PCDD/PCDF+dlPCB WHO2005 TEQ/g) and the Ruhr (32.2 pg WHO2005
PCDD/PCDF+dl-PCB TEQ/g). Only eels from the Sieg had
a mean concentration below the EQS (6.3 pg WHO2005
PCDD/PCDF+dl-PCB TEQ/g). These low concentrations
cannot be attributed to the relatively low lipid contents of
the Sieg eels as lipid normalised values are still low. The
Rhine sites Rees and Emmerich and the Rur differed significantly from most other sites, but not from the Wupper,
Ruhr, Niers and Lippe.
Similar TEQ concentrations were reported from Belgian
waters [5] and from the Elbe in Germany [19]. Dioxin and
dl-PCB levels were lower in the Loire (mean concentration
4.4 pg WHO2005 PCDD/PCDF + dl-PCB TEQ/g, [7]) and
in Irish rivers (0.49 to 4.9 pg WHO1998 PCDD/PCDF + dlPCB TEQ/g [27]).
TEQ concentrations for dl-PCBs were 8 to 16 times
higher than TEQ concentrations for PCDD/PCDFs. The
highest ratio was found for the Wupper with a mean
value of 18.5. In eels from European waters, dl-PCB contamination is usually of higher importance than PCDD/
PCDF contamination. High concentrations of dl-PCBs
were e.g. also found in eels from Flemish waters [5],
from the catchment area of the Elbe [19] and the Tiber
in Rome [28]. In contrast, McHugh et al. [27] reported dlPCB concentrations between 0.17 and 1.24 pg WHO1998
dl-PCB TEQ from relatively clean Irish rivers and therefore
ratios between dl-PCBs and PCDD/PCDF of 0.1 to 4.3.
Knutzen et al. [29] found PCDD/PCDF concentrations between 5.0 and 22.9 pg WHO1998 PCDD/PCDF TEQ and
dl-PCB concentrations between 1.4 and 3.9 pg WHO1998
dl-PCB TEQ in Norvegian fjords which had been contaminated by discharges of waste water from a magnesium factory in the past.
All values recorded were well above the value of 4 pg
PCDD/PCDF + dl-PCB WHO1998 TEQ/g which was determined by Palstra et al. [30] as a threshold value for
adverse effects on the reproductive system of eels.
For indicator PCBs, the mean concentrations exceeded
the maximum level for human consumption of 300 ng/g at
most sampling sites. Exceptions were the eels from the
Schwalm and the Sieg with 215 and 165 ng/g, respectively.
Values in the Rhine eels ranged from 253 ng/g in Bonn to
982 ng/g in Emmerich. They are well below the concentrations found in Rhine eels in 1995 and 1998/2000 by
Heinisch et al. [31]. All results in their paper are presented
only as graphs and therefore approximations. Values for
eels in Bonn were over 500 ng/g in 1995 and even over
600 ng/g in 1998/2000. Concentrations in Emmerich were
about 1,500 in 1995 and 1,200 ng/g in 1998/2000, respectively. This comparison with our dataset documents a
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decrease of PCB pollution reflecting the general reduction
of PCBs present in the atmosphere as well as a lower availability of PCBs in the Rhine after changes in production
processes in major industrial sites in North RhineWestphalia.
By far the highest PCB concentrations were determined
for eels from the Rur (mean concentrations of 1,630 ng/g).
The catchment area of the Rur has a mining history.
According to Detzel et al. [32], hydraulic fuel used in the
mining industry has been a major source for PCB release
into the environment. Additionally, PCB concentrations
in the Rur were influenced by the emissions of paper industry upstream the sampling site. The high PCB concentrations in eels from the Rur were also described by de
Boer et al. [33] who investigated the contamination of
Dutch eels over a period of 30 years. For the Dutch part of
the Rur, they reported concentrations of the sum of indicator PCBs + PCB 118, which decreased between 1982
and 2006 from 44,372 to 7,087 ng/g lw and therefore
considerably more than in the Rhine (mean concentrations of 1,630 ng/g ww for Rur eels from this study correspond to 6,668 ng/g lw). Generally, PCB concentrations
in eels from North Rhine-Westphalian waters were in
the range of values found in other European waters
impacted by industry and dense human population.
Tapie et al. [20] determined the sum of indicator PCBs +
PCB 118 in eels from the Gironde values ranging
between 1,141 and 5,746 ng/g lw. High concentrations
were as well reported from eels in a Belgian canal which
reached up to 8,700 ng/g ww [34] and from Flemish waters, where eels reach concentrations between 78 and
4,812 ng/g lw [35].
Concentrations of PCDD/PCDFs, indicator PCBs and dlPCBs were highly positively correlated with lipid content
(p < 0.001) and also with age (PCDD/PCDFs p = 0.02, indicator PCB p = 0.004, dl-PCBs p = 0.003). But while PCDD/
PCDFs and dl-PCB were positively correlated with length
(p < 0.001 and p = 0.001, respectively), indicator PCBs were
not. Similarly, indicator PCBs were not correlated with
weight (PCDD/PCDFs p = 0.012, dl-PCBs p = 0.003).
Dioxins, PCBs and other contaminants with endocrine
disrupting properties may contribute to the decline of the
eel populations [5]. Several studies tried to relate the contaminant burden of eels to enzymatic activity and transcriptomic responses. Pujolar et al. [21] found a correlation for
the up-regulation of the transcription of genes associated
with detoxification and a down-regulation of the transcription of genes associated with the oxidative phosphorylation
pathway in eels with a PCB burden comparable to many
North Rhine-Westphalian sites. Kammann et al. [36] investigated the ethoxyresorufin-O-deethylase (EROD) activity
in eels from the Elbe and found that the EROD activity corresponded to PAH metabolite concentration in eel bile and
to pollution levels from the sampling sites.
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HCB

Mean HCB concentrations exceeded the EQS of 10 μg/kg
ww at most sampling sites. At the Sieg, all eels met the
EQS (mean value 3.4 μg/kg) and at the Berkel and
Schwalm, more than 50% of all eels sampled complied with
the EQS (mean values 6.2 and 8.8 μg/kg, respectively).
Along the Rhine, mean HCB concentrations increased
from 23.2 μg/kg at Bonn to 50.2 μg/kg at Emmerich
(27.8 μg/kg at Düsseldorf and 35.7 μg/kg at Rees). Differences between Bonn and Emmerich were significant. Also,
HCB concentrations differed significantly between the
Rhine sites and the other rivers. The increasing HCB concentrations in eels along the Rhine can at least be partly attributed to former production processes of the chemical
industry based in North Rhine-Westphalia. Although HCB
concentrations were comparatively high in the Rhine, eels
sampled in 2009 demonstrate a decrease of HCB over time
which had already been detected in data compiled by
Heinisch et al. [37] on HCB concentrations in Rhine eels
from 1990/1991, 1995 and 1998/2000. As mentioned
above, results in their paper are presented only as graphs
and therefore approximations. They show a decrease from
approximately 180 μg HCB/kg in 1990 to 125 μg/kg in 2000
for eels from the Rhine site Emmerich. In our study, HCB
concentrations in eels from this site were further reduced
by about 60% to 50 μg/kg. The reduction of the HCB contaminant levels in eels is also due to the fact that production
of HCB in the chemical industry in the upper part of the
Rhine catchment area ceased in the 1990s and that the use
of HCB as a fungicide was banned in Germany in 1981.
Comparable values to the HCB concentrations in the
Rhine or even higher concentrations have been determined in eels from Dutch waters. De Boer et al. [33] reported mean HCB concentrations of 22 to 243 μg/kg lw.
The latter value originated from eels from the Dutch
part of the Rhine from the year 2004. The corresponding
mean concentrations from this study for Emmerich, south
of the Dutch border, of 178 μg/kg lw and for Rees, further
south of the border, 155 μg/kg lw are in good agreement
with their results. At other European waters, HCB concentrations in eels were far lower, e.g. in Italian lagoons
(1 to 4 μg/kg lw [6]) or Scottish waters where HCB levels
often were below the quantification limit [23].
As expected from its lipophilic nature, HCB was positively correlated with lipid content (p < 0.001). It was
also positively correlated with length (p = 0.006), but not
with the other biometric parameters.
Sum of PBDE

The PBDE concentrations always exceeded the EQS of
0.0085 μg/kg ww for the substances established by EU Directive 2013/39/EU by a factor of 103 to 105 (range of mean
concentrations 9.2 to 241.9 μg/kg). Highest concentrations
were found in eels from the Lippe, where an industrial
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complex with mainly chemical industry has been established for a long time. Means for the sampling sites Lippe
(241.9 μg/kg), Rees (74.6 μg/kg) and Emmerich (76.2 μg/kg)
- which are the Rhine sampling sites downstream of the
confluence of the Lippe - differed significantly from all
other sampling sites. Sühring et al. [22] investigated BDE47, BED-66, BDE-99, BDE-100, BDE-153, BDE-154 and
BDE-183 in yellow and silver eels from the Elbe and in silver eels from the upper part of the Rhine and found mean
values of 8.9 and 8.3 μg/kg for yellow eels and silver eels of
the Elbe and 21.3 μg/kg for the Rhine. PBDE concentrations in the range of 10 to 100 μg/kg ww (sum of BDE-28,
BDE-47, BDE-49, BDE-66, BDE-85, BDE-99, BDE-100,
BDE-153, BDE-154, BDE-183 and BDE-209) have been
reported from a number of Belgian waters [38], with a
maximum value of 5,811 μg/kg lw (for comparison,
Lippe 242 μg/kg ww =1,242 μg/kg lw). In eels from 60
Flemish sites sums for 14 BDE congeners (mainly congeners 47, 99 and 100) ranged between 12 and 1,400 μg/kg
with a mean of 110 μg/kg [35]. PBDE concentrations from
Irish waters were lower and ranged from 1.0 to 7.1 μg/kg
ww for the sum of 11 PBDE congeners [27].
In this study, the sum of 6 PBDEs was significantly
positively correlated with the lipid content (p = 0.006)
and weakly negatively correlated with the condition factor (p = 0.05) but not with any other of the biometric
parameters.
There is still few evidence for possible effects of
PBDEs at environmental concentrations, but Tomy et al.
[39] found evidence for lower plasma levels of thyroxine
in Lake Trout with BDE concentrations similar to those
found in eel from the Lippe and the Rhine sites Rees
and Emmerich. Kierkegaard et al. [40] investigated the
effects of BDE-209 on Rainbow Trout over a period of
120 days. They detected significantly reduced numbers
of leucocytes and lymphocytes and an increase of liver
weight. But they used high doses resulting in a 5 to 25
times higher body burden than the sum of PBDEs measured in the eels from North Rhine-Westphalia.
PFOS

Also, the PFOS concentrations often exceeded the EQS
of 9.1 μg/kg ww with mean concentrations between 8.3
(Berkel) and 49.0 μg/kg (Niers). High concentrations
were also found in the Rur (42.3 μg/kg). Mean values
from the Niers and the Rur differed significantly from
most other rivers but not from the Rhine eels and those
from the Wupper. Only five eels were collected from the
Niers, so the mean value for this site should be interpreted with caution. Nevertheless, the high PFOS concentration could be taken as an indication of the high
proportion of municipal waste water present in the
Niers. In North Rhine-Westphalia, the main source for
PFOS is the plating industry. Until 2008, PFOS was
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widely used as fire extinguishing agent [41]. PFOS is also
often present in consumer goods. As mentioned above,
the Rur has been affected by paper industry emissions.
PFOS has been used in the production process of special
papers which explains the high PFOS concentrations in
eels from the Rur. For eels, only data on PFOS contents
in the liver have been published which are of limited
value for the interpretation of tissue concentrations.
Roland et al. [15] determined mean liver concentrations
between 31 and 390 μg/kg from eels collected from
Belgian waters. Hoff et al. [16] measured mean hepatic
PFOS concentrations of 1,387 μg/kg ww in eels from
four heavily polluted Belgian water bodies and related
them to the high concentrations to fluorochemical production units in the vicinity of the sampling sites. In this
study, they found a strongly significant correlation between
liver PFOS concentrations and serum alanine aminotransferase activity which they interpreted as indication for induction of hepatic damage. In North Rhine-Westphalia, a
survey on PFOS in the muscle tissues of several fish
species, with eel being one of them, was conducted [41].
The median concentration of all fishes from surveillance
monitoring was 7.1 μg/kg, and the median concentration
from impacted sites was 24.4 μg/kg. Hloušková et al. [26]
investigated PFT levels in a mixed sample consisting
mainly of bream (Abramis brama), European chub (Squalius cephalus) and Roach (Rutilis rutilus) and found a
median concentration of 5.7 μg/kg. The results of both
studies indicate that the PFOS concentrations measured in
eels during this study are comparatively high.
In this study, PFOS did not show any significant correlation with any of the biometric parameters.
Mercury

For mercury concentrations, in accordance with results
from other European waters, all eels from North RhineWestphalia had concentrations below the EU limit for
mercury in fish for human consumption (1.0 mg/kg ww)
but above the EQS of 20 μg/kg ww for secondary poisoning. Highest concentrations were measured in eels
from the Wupper (mean concentration 0.314 mg/kg)
and the Rhine (Rees 0.273 mg/kg, Emmerich 0.195 mg/
kg, Bonn 0.210 mg/kg and Düsseldorf 0.165 mg/kg) and
lowest concentrations for eels from the Sieg (0.069 mg/
kg) The mean concentrations from the Wupper eels and
from the Rhine eels at Rees differed significantly from
most other sampling sites but not from each other. Eels
in two Spanish rivers had comparable mean mercury
concentrations between 0.155 and 0.533 mg/kg [42], and
in Portuguese lagoons, eels contained between 0.55 and
0.285 mg Hg/kg [43]. Noël et al. [25] reviewed further
data from the studies in other countries including
Poland, the Czech Republic, Germany, UK, Slovenia and
Hungary and reported a range of values between 10 and
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800 μg/kg. In their study of French rivers, they found
mean concentrations of 0.199 mg/kg and reported a
strong positive correlation between Hg concentration
and the condition factor (p < 0.0001) but no correlation
between Hg levels and body weight or length. In this
study, mercury concentrations were significantly positively correlated with age (p = 0.029). Also, there was a
weak positive correlation with length (p = 0.049) and
weight (p = 0.055) but not with the condition factor.
After a review of experimental data on Hg effects on
fish, Sandheinrich and Wiener [44] estimated that the
threshold value for negative effects of Hg on fish is between 0.3 and 0.7 mg Hg/kg in the whole body homogenates which are at least about a quarter lower than the
concentrations in the filet. Therefore, a deleterious effect
of the Hg concentrations measured in the eels from this
study is unlikely.
PCB congener patterns

Based on the eel data for PCB contamination, the Rhine
sites Bonn and Emmerich and the Rur were chosen for a
comparison between PCB congener patterns in eel and
in the suspended matter from corresponding sampling
sites. In the Rhine and the Rur, PCB 153 comprised 40%
to 43% of the sum of indicator PCBs in eel, PCB 138
accounted for 23% to 28% and PCB 180 for 12% to 16%.
PCB 101 and PCB 52 had a slightly higher proportion in
eels from Emmerich (16% and 8%, respectively) compared to eels from Bonn and from the Rur (7% to 9%
and 3% to 5%). PCB 28 did not exceed 1% (Figure 2).
The pattern of PCBs in suspended matter varied slightly
with PCB 138 being the most dominant congener in the
Rhine while in the Rur, PCB 153 had a slightly higher
percentage than PCB 138. PCB 28 had mean percentages
of 8% to 9% in suspended matter and therefore higher
concentrations than in eels. According to Tapie et al.
[20], PCB 153 is not regarded as being metabolisable and
therefore an indicator for bioaccumulation. Müller et al.
[45] examined PCB concentrations in eels and in sediment
samples in the urban water bodies of the city of Berlin,
Germany. They found similar PCB patterns in eels and in
the sediment with PCB 138 and 153 dominating in eels
and in the sediment while PCB 28 was more prominent
in sediment samples compared to eel tissue. On the
whole, PCB patterns in suspended matter and in biota
found in this study were similar to PCB patterns in eels
recorded from many European waters and also from
North American water bodies reflecting the commercial
PCB mixtures used in the past. Examples are data for
eels from the Loire [7], from Scottish water bodies [23]
and also for the American eel Anguilla rostrata from
the Hudson River [46].
The bioconcentration ratio between contaminant content of suspended matter and eel tissue was calculated

Guhl et al. Environmental Sciences Europe 2014, 26:26
http://www.enveurope.com/content/26/1/26

Page 8 of 16

sediment ratio of approximately 15 which is still below the
values found in this study.
Considering the 12 dl-PCB congeners, PCB 118 was
clearly dominating with 50% to 67% of the sum of dlPCBs. PCB 105, 156 and 167 were present with 5% to
15%. All other PCB congeners were present in negligible
concentrations (Figure 3). This congener pattern is quite
common in eels from European waters and has also
been reported, e. g. from Belgium [5] and Portugal [48].
PBDE congener patterns

Figure 2 Comparison of indicator PCB patterns in eel tissue
and in suspended matter. Congener patterns are presented for
the Rhine at Bonn and Emmerich and the Rur (A) congener pattern
in eel and (B) congener pattern in suspended matter.

between PCB concentration of suspended matter expressed
as dry weight and PCB concentration of eel expressed as
dry weight and as lipid weight. The dry weight ratio for the
Rhine at Bonn was 39 (76 for lw), at Emmerich 66 (116)
and in the Rur 54 (92). Harrad and Smith [47] reported
concentration ratios between sediment (normalised for the
carbon content of the sediment) and eel tissue for individual PCB congeners in the range of <1 and 10. The ratios
found in this study are far higher which might be explained
by the 10 to 102 higher PCB concentrations in North
Rhine-Westphalian rivers compared to the River Severn investigated by Harrad and Smith [47]. As mentioned above,
Müller et al. [45] also determined PCB concentrations in
eels and in sediment samples from corresponding sampling
sites. They expressed all eel data per wet weight (ww) and
found a ratio of approximately 5. The water bodies examined had comparable PCB levels to the suspended matter
of the Rur. In this study, the dry weight of the eels investigated was approximately 30% of the wet weight. Based on
this estimate, eels from Berlin waters had an eel to

PBDE patterns in eel and in suspended matter were
compared for the Rhine sites Düsseldorf and Emmerich
and the Lippe (Figure 4). Lippe eels had very high PBDE
concentrations, and as a consequence, eels at the Rhine
sites below the confluence of the Lippe had an elevated
PBDE content. Therefore, the sampling sites at Düsseldorf
upstream of the confluence of the Lippe and at Emmerich
downstream of the Lippe were chosen to track a possible
influence of the Lippe contamination on the Rhine. The
comparison was limited to BDE-28, BDE-47, BDE-99,
BDE-100, BDE-153, BDE-154 and BDE-209 as these were
the only BDE congeners determined in suspended matter.
At all sites, BDE-47 was the dominant congener with
60% to 62% at the two sites at the Rhine and 74% in the
Lippe. BDE-100 was present with 28% to 30% in the Rhine
and 17% in the Lippe. The other congeners were present
in minor concentrations. A similar congener pattern with
BDE-47 dominating and BDE-100 as the second most important congener was reported from the eel populations
from the Scheldt [38], from the Elbe [49] and by Sühring
et al. [50] for eel populations from several European rivers.
In contrast, Sühring et al. [50] found equal concentrations of BDE-47 and BDE-100 in yellow eels from North
America. They related this difference to the continuous
exposition of American eels to technical penta- and
octa-PBDE mixtures which had been banned in Europe
in 2004. In contrast to the biota PBDE pattern, the Rhine
suspended matter comprised almost exclusively of BDE209 (95% to 97%), reflecting the continuous use of decaBDE as fire protection agent in consumer goods. In the
suspended matter of the Lippe, BDE-209 accounted for
only 25%, and BDE-99 and BDE-47 were present with 35%
and 24%, respectively. This conspicuous PBDE pattern,
which can be related to the influence of local chemical industry, did not lead to a change in the PBDE pattern in
eels. Roosens et al. [51] investigated PBDE patterns in eels
and in the sediment from various locations in Flemish
water bodies. They also found high BDE-209 concentrations in the sediment and only rarely found elevated BDE209 concentrations in eels. They attributed this discrepancy
to a poor uptake of BDE-209 from the sediment, a low
solubility in water and a high degradation in the fish. The
debromination of BDE-209 to lower brominated congeners
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Figure 3 Comparison of dl-PCB patterns in eel tissue for all sampling sites.

has been described by several authors, e. g. [40,52-54] and
seems to be a major source of penta-PBDEs in fish.
Ratios between PBDE concentrations in eel tissue and
in suspended matter ranged between 0.6 (Düsseldorf )
and 2.6 (Lippe) for eel dry weight and 1.5 (Düsseldorf )
and 4.9 (Lippe) for eel lipid weight. These ratios are considerably lower than the ratios calculated for PCBs despite the fact that the sum of PBDEs was significantly
positively correlated with the lipid content. The low ratios can be attributed to the poor transfer of BDE-209
congener from the suspended matter/sediment to the
eels. This is in agreement with the higher eel to suspended matter ratios in the Lippe. According to Mariottini et al. [55], BDE-47 is considered to have the highest
bioconcentration factor of PBDE congeners. In the Lippe
suspended matter, BDE-47 was present in approximately
the same concentrations as BDE-209.
Figure 5 shows the pattern of BDE-28, BDE-47, BDE49, BDE-66, BDE-71, BDE-99, BDE-100, BDE-153, BDE154 and BDE-209 in eel tissue for all sampling sites. The
pattern resembles the profile depicted in Figure 4 although additional BDE congeners were included in the
calculation. At all sites, BDE-47 dominated the BDE pattern, with BDE-100 being the second most important
congener. Together, these two congeners accounted for
85% to 94% of the BDEs measured.

Conclusions
Eels from North Rhine-Westphalian waters showed a
high level of contamination. Over the last decades, PCB

and HCB concentrations have decreased in the Rhine
and its major tributaries and subsequently in eels and
other fish but were still present in concentrations well
above the EQS of the EU. In 2012, as a consequence of the
high PCB contamination, the North Rhine-Westphalian
government issued a recommendation not to consume
wild eels from North Rhine-Westphalian waters [56].
Recent research has accumulated evidence that pollution may contribute to the decline of eel populations.
For PCDD/PCDFs, PCBs and PBDEs, there are investigations indicating effects on the immune system, the reproductive system and the endocrine system of the fish.
Due to the complex life cycle of eels and due to the large
number of other simultaneously acting environmental
factors, unequivocal evidence for the direct impact of
pollutants on population dynamics is difficult. But it
might be taken as an indication that the decrease in recruitment in the populations of the European eel during
the last 30 years coincided with a strong intensification
of agriculture and with the industrial production of a
plethora of new substances.
Eels are prone to accumulate contaminants due to
their high body lipid content, their longevity and their
benthic way of life. Hence, the contamination levels of
the eels in North Rhine-Westphalian waters reflected the
contamination of the water bodies investigated. The influence from ambient contamination levels was particularly
striking for eels from the four sampling sites at the Rhine
as their contamination concentrations reflected the increasing pollution levels for most substances along the
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Figure 4 Comparison of PBDE patterns in eel tissue and in
suspended matter. Congener patterns are presented for the Rhine
at Bonn and Emmerich and the Rur (BDE-28, BDE-47, BDE-99,
BDE-100, BDE-153, BDE-154 and BDE-209) (A) congener pattern in
eel and (B) congener pattern in suspended matter.

river course. For PBDEs, the rise of mean concentrations
between Düsseldorf and Rees is a result of the load of the
River Lippe, which reaches the Rhine between the two
sampling sites. PFOS and mercury concentrations in eels
did not increase along the North Rhine-Westphalian
stretch of the Rhine. Contamination patterns at certain
sampling sites could be traced back to local point
sources as was shown for the conspicuous PCB pollution of the Rur.
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up to 600 V, direct current, 60 points with a distance of
3 m between points). The length of each eel caught was
measured before the eels were released again. As part of
the survey, a subsample of 124 eels was collected from 13
sites in 10 rivers (Sieg, Wupper, Ruhr, Lippe, Erft, Rur,
Niers, Schwalm, Berkel and four sites - Bonn, Düsseldorf,
Rees and Emmerich - at the Rhine, Figure 1) for biometrical measurements and for inspection of the health status.
Sites were generally situated in the downstream regions of
the rivers, apart from the sites at the Rhine which covered
the North Rhine-Westphalian stretch of the river. Usually,
ten to eleven eels were taken, but as there were only small
numbers of eels at the sampling sites at the Niers, the
Schwalm and the Berkel five eels were taken at the Niers
and eight eels at the Schwalm and the Berkel. The eels
collected roughly represented the size-class distribution
of the population at the sampling site. The eels were
killed immediately by over narcotisation with 300 mg
Benzocain/l (Merck, Darmstadt, Germany), and transported frozen to the lab of the North Rhine-Westphalian
State Agency for Nature, Environment and Consumer Protection (LANUV NRW). The sampling and killing was carried out by a licensed fish biologist. In the lab, the length,
weight and sex were determined, and the condition factor
was calculated (condition factor CF = weight (g) × 100/
length (cm)3). Heads were dissected and sent to the
Thünen Institute of Fisheries Ecology, Hamburg, Germany,
where the age was determined using otolith preparation
following ICES [57]. The developmental stage was determined using the eye index according to Durif et al. [58].
The eels were with very few exceptions in stages 1 to 3.
Eels from the Schwalm and from the lower Rhine were
predominantly in stage 3 which is according to Durif et al.
[58], the stage just before the onset of metamorphosis. At
all other sampling sites, stages 1 to 3 were present in about
equal numbers. It was decided to take tissue samples of the
yellow eels for the analysis of contaminants. Five eels which
were judged to be silver eels according to their eye index
were excluded from further analysis (one each from the
Ruhr, the Erft and the Rhine sites Bonn, Düsseldorf and
Rees). Therefore, 119 eels altogether were chemically analysed. The left filet of each specimen was sampled, including the skin (at least 100 g; from a large specimen, the
middle part of the filet was chosen), and stored frozen.

Methods

Analysis of eels

Sampling of eels

In 2011, the tissue samples were analysed for PCDDs,
PCDFs, PCBs, PBDEs, HCB, mercury, perfluorooctanoic
acid (PFOA) and PFOS by Eurofins GfA Lab Service
(Hamburg, Germany). Prior to further treatment for analysis of organic contaminants, eel samples were lyophilized
and homogenised. For dry matter determination, lyophilised subsamples were subjected to a drying procedure at
103°C for at least 4 h. Dry matter content was calculated

In order to set up eel management plans in 2009 and
2010, the North Rhine-Westphalian government commissioned the Rhineland Fishery Association to carry out a
survey of eel populations in ten major rivers. Eel populations were monitored using point abundance sampling
with electrofishing equipment from a boat (electrofishing
equipment EFKO FEG 8000, Leutkirch, Germany 8 KW,
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Figure 5 PBDE patterns in eel tissue from all sampling sites.

taking into account the dry matter content after lyophilisation as well as the dry matter after the drying procedure.

the WHO-system 2005 [60] were carried out by taking into
account the quantification limit for non-quantifiable compounds (upperbound procedure).

PCDD/PCDFs, dl-PCBs and indicator PCBs

In brief, samples were analysed for 17 2,3,7,8-substituted
congeners of PCDDs and (PCDFs, 12 dl-PCBs and the 6
indicator PCBs 28, 52, 101, 138, 153 and 180 using highresolution gas chromatography and high-resolution mass
spectrometry (HRGC/HRMS) analogue to a method described by Neugebauer et al. [59]. For each native PCDD/
PCDF and PCB congener to be determined, the corresponding 13C12- internal standard was added to the samples before the extraction procedure. After spiking, the
samples were Soxhlet-extracted overnight with appropriate organic solvents for ultratrace-analyses (e.g. toluene).
Lipid determination was performed gravimetrically in
these crude extracts as extractable lipids. Subsequently,
these extracts were subjected to a cleanup procedure
using a multi-column chromatography system (involving
carbon-on-glass fibre or carbon-on-celite for PCDD/PCDF
and PCB). Further 13C12-labelled internal standards were
added to the extracts for the determination of the recovery
of the internal standards added before. Analyses were performed by HRGC/HRMS (Waters Autospec, Eschborn,
Germany or DFS mass spectrometers, Thermo Fisher Scientific, Bremen, Germany). For each substance, two isotope
masses were measured. The quantification was carried out
by means of isotope dilution analysis with the use of internal and external standards. In addition to values for individual congeners, calculations of the TEQ according to

PBDEs

Samples were analysed for 24 congeners of PBDEs (including BDE-17, BDE-28, BDE-47, BDE-49, BDE-66, BDE-71,
BDE-77, BDE-85, BDE-99, BDE-100, BDE-119, BDE-126,
BDE-138, BDE-153, BDE-154, BDE-156, BDE-183, BDE184, BDE-191, BDE-196, BDE-197, BDE-206, BDE-207 and
BDE-209) using gas chromatography and mass spectrometry (GC/MS) analogue to a method by Päpke et al. [61].
A mixture of 13C12-labelled internal standards was
added to the samples before the extraction procedure.
After spiking, the samples were extracted by means of
Soxhlet extraction using a mixture of appropriate polar
and non-polar solvents for ultratrace-analyses (e.g. hexane/acetone). After extraction, a cleanup procedure was
performed using concentrated sulfuric acid additionally
to column chromatography involving activated silica gel
resp. alumina. Further 13C12-labelled internal standards
were added to the extracts for the determination of the
recovery of the internal standards added before. PBDEs
were analysed by means of GC/MS. For each substance,
two isotope masses were measured. The quantification
was carried out by means of isotope dilution analysis
with the use of internal and external standards.
As many of the BDEs analysed were always or almost
always below the limit of quantification, only the results
for BDE-28, BDE-47, BDE-49, BDE-66, BDE-99, BDE-100,
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BDE-153, BDE-154, BDE-183 and BDE-209 are presented
in this publication.
PFOS/PFOA

A mixture of 13C12-labelled internal standards was added
to the samples before the extraction procedure. After
spiking, the samples were extracted by means of ultrasonic extraction with appropriate polar solvents (e.g.
methanol) for ultratrace-analyses (e.g. nanograde). After
extraction, the cleanup was carried out involving carbon
black. A further 13C12-labelled internal standard was
added to the extracts for the determination of the
recovery of the internal standards added before. The
analysis was performed using liquid chromatography
and tandem mass spectrometry (LC/MS-MS). For each
substance, two isotope masses were measured. The
quantification was carried out with the use of internal
and external standards. As values for PFOA rarely
exceeded the limit of quantification, only the results for
PFOS are presented in this publication.
HCB

Before extraction, the eel samples were dried by thorough mixing with anhydrous sodium sulfate and homogenised. A mixture of 13C12-labelled internal standards
was added to the samples before the extraction procedure. After spiking, the samples were extracted with a
mixture of appropriate polar and non-polar solvents for
ultratrace-analyses (e.g. hexane/acetone). The extraction
was followed by a cleanup procedure using a column
system (involving florisil resp. alumina). Further 13C12labelled internal standards were added to the extract for
the determination of the recovery of the internal standards
added before. The measurement was taken by means of
HRGC/HRMS. For each substance, two isotope masses
were measured. The quantification was carried with the
use of internal and external standards.
Mercury (Hg)

Eel homogenate was digested by means of microwave
using nitric acid. After reduction of mercury compounds
by Tin(II)-chloride, the total mercury content was determined by means of cold vapor atomic absorption spectrometry (CV-AAS) following DIN EN 13806.
Sampling of suspended matter

Sampling and analysis of suspended matter was carried
out by LANUV NRW as part of a separate surveillance
monitoring program.
Suspended matter was collected using a flow through
pump (Carl Padberg Cepa Z 61, Lahr, Germany) which
was deposited in the water approximately 0.5 m below
the surface. The time necessary to collect sufficient material was estimated by measuring the turbidity of the
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water (WTW IQ Sensor Net, System 184 with sensor
with VISOTurb 700/Q, Weilheim, Germany). Usually,
the pump collected material over 21 to 24 h with a flow
rate of 1,000 to 1,100 l/hr. The material was weighed in
the field and transported refrigerated to the lab where it
was freeze-dried, ground by a grinding mill equipped with
a zirconium dioxide mortar and pestles (KM1, Retsch,
Haan, Germany) and sieved for the 63-μm fraction.
Data for suspended matter were available as annual
means of usually between two and five individual samples per site. As sampling sites were sampled in different
years, values for suspended matter were calculated as
means for all annual means available between 2005 and
2012 (3 to 8 values).
Analysis of suspended matter
PBDEs

PBDEs in suspended matter were identified using 13C12
standards purchased from LGC Standards, Wesel,
Germany. PBDEs were analysed according to DIN EN
ISO 22032.
In brief, PBDEs were extracted with toluene from the
freeze-dried <63-μm fraction of the suspended matter
using Soxhlet extraction. Subsequently, the crude extracts were purified using multi-layer column chromatography with silica gel. Activated alumina was used as a
second purification step. Subject to the grade of purification, these steps were repeated. The purified extracts
were analysed by gas chromatography and mass spectrometry (GCMS Thermo Finnigan 2000, Thermo Fisher
Scientific, Bremen, Germany).
PCDD/PCDFs and PCBs

Quantification of PCDD/PCDFs and PCBs in suspended
matter was performed using isotope dilution analysis according to EN 1948 part 2, 3 and 4. The 13C12 standards
were purchased from Cambridge Isotopes Laboratories
(Andover, USA).
In brief, the freeze-dried <63-μm fraction of the suspended matter was extracted with toluene using Soxhlet
extraction. Prior to extraction, the samples were spiked
with 13C12-quantification standard mixtures. The crude
sample extracts were subjected to a cleanup procedure
consisting of a solid-phase multi-layer column chromatography with silica modified with 44% H2SO4, 33%
NaOH or 10% AgNO3. Furthermore, PCBs and PCDD/
PCDFs were separated using basic alumina. Subsequently,
the eluates were concentrated via rotary evaporation and
nitrogen flow to a final volume of approximately 10 to
20 μl (PCDD/PCDF) or 100 μl (PCB). After addition of recovery standards, PCDD/PCDFs and dl-PCB were analysed using high-resolution gas spectrometry (model 6890
Series 2, Agilent, Santa Clara, USA) and mass spectrometry (model DFS, Thermo Fisher Scientific, Bremen,
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Germany). Indicator PCBs were analysed using gas chromatography (model 6890 N, Agilent, Santa Clara, USA)
and low-resolution mass spectrometry (model 5973 N,
Agilent, Santa Clara, USA). A detailed description of the
analytical method can be found in Klees et al. [62].
Quality assurance
Analysis of eels

Quality control for the analysis of PCDD/PCDFs and
PCBs was carried out in accordance with EU Regulation
1883/2006. According to these requirements, the limit of
quantification (LOQ) of an individual congener was the
concentration of an analyte in the extract of a sample
which produces an instrumental response at two different ions to be monitored with a signal/noise (S/N) ratio
of 3:1 for the less sensitive signal and fulfillment of the
basic requirements such as, e.g. retention time, isotope
ratio according to the determination procedure as described in EPA method 1613 revision B. Additionally,
the recoveries of the individual 13C12-labelled internal
standards were checked to be in the range of 60% to
120%. Lower or higher recoveries for individual congeners were accepted on the condition that their contribution to the TEQ value did not exceed 10% of the total
TEQ value. The analytical system was calibrated using
an eight-point calibration, followed by checking with single calibrations in regular intervals within each measuring sequence. Quantification of the individual PCDD/
PCDF and PCB congeners was based on daily generated
responses. Method blanks including extraction, cleanup
and measuring were routinely monitored. Furthermore,
precision and accuracy were checked by analysing inhouse quality assurance pool samples within each batch
of samples consisting of not more than 12 samples. The
pool sample used in this project consisted of combined
fish meal specimens having been determined beforehand
with the quality of the analysis data being assured by
means of control charts. In addition, precision and accuracy were weekly checked by analysing the certified
reference material EDF-2525 (provided by Community
Bureau of Reference - BCR, Belgium).
Quality control for the analysis of PBDEs was carried
out as follows: next to the comparison of the retention
time between native and 13C12-labelled analytes (including 13C12-BDE-209), relative isotope ratios were considered with a tolerance of 20% for peak identification.
Limits of detection (LOD) were reached if peaks showed
signals to be three times the baseline noise, and LOQ
were set to be ten times the baseline noise. Additionally,
the standard recovery rates of 13C12-labelled quantification standards were checked to be in the range of 50%
to 120%. Special attention with regard to recovery rates
and peak shape was paid to BDE-209. The analytical system was calibrated using a ten-point calibration, followed
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by checking with single calibrations in regular intervals
within each measuring sequence. Quantification of the individual PBDE congeners was based on daily generated responses. Method blanks including extraction, cleanup and
measuring were monitored in parallel to each batch of
samples consisting of not more than 12 single samples.
Furthermore, precision and accuracy were checked by
analysing in-house quality assurance pool samples within
each batch of samples. The pool sample used in this project consisted of combined fish oil specimens having been
determined beforehand with the quality of the analysis
data being assured by means of control charts. In addition,
precision and accuracy were weekly checked by analysing
the certified reference material EDF-2525 (provided by
Community Bureau of Reference - BCR, Belgium).
The quality control for the analysis of HCB and PFOS/
PFOA was carried out similarly to the quality control
measures applied to the analysis of PBDEs. For HBC, the
analytical system was calibrated using a nine-point calibration. Precision and accuracy were checked by analysing in-house quality assurance pool samples consisting
of combined feeding stuff specimens as well as certified
standard solutions and also on a weekly basis by analysing the certified reference material EDF-2525 (provided
by Community Bureau of Reference - BCR, Belgium).
For PFOS/PFOA, in addition to retention time and relative isotope ratios, the ratio of the signal intensities of
the two detected transitions was checked. The standard
recovery rates of 13C12-labelled quantification standards
were checked to be in the range of 50% to 150%. Precision
and accuracy were checked by analysing homogenised fish
material of a previous inter-laboratory testing study.
For quality control of the analysis of mercury method
blanks as well as internal reference material being monitored by means of a control chart were checked.
Analysis of suspended matter

Quality control for the analysis of PCBs and PCDD/
PCDFs was carried out in accordance with DIN EN
1948 3-4. Here, next to the comparison of the retention
time between native and 13C12-labelled analytes, relative
isotope ratios were considered with a tolerance of 20%
for peak identification as additional criteria. LOD were
reached if peaks showed to be three times the baseline
noise, and LOQ were set to be ten times the baseline
noise. Additionally, the standard recovery rates of 13C12labelled quantification standards were checked. The analytical system was calibrated using a five-point calibration,
and quantification for the individual PCB and PCDD/
PCDF congeners was based on daily generated response.
The calibration and also the generated response factors
were considered to be valid as long as a deviation under
20% for a single calibration was determined [DIN EN
19481]. Method blanks including extraction, cleanup and
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analysis were routinely monitored. Furthermore, precision
and accuracy were checked by analysing the NIST Standard Reference Material (SRM) 1649a.
Quality control for the analysis of PBDEs was carried
out similarly to the quality control measures for PBDE
analysis in biota with the following exceptions: limits of
quantification were determined by comparing the signal/
noise in 10 real suspended matter samples and a quantification limit ≥6* baseline signal (600-ZUA-VA-007).
The standard recovery rates of 13C12-labelled quantification standards were checked to be in the range of 50%
to 120%. The analytical system was calibrated using a
five-point calibration, checked in each series of measurements by five standard solutions. Method blanks including extraction, cleanup and measuring were monitored
in parallel to each batch of samples consisting of not
more than 6 single samples with a tolerance of ≤1/3 of
quantification limit.
Statistical analysis

Statistical analysis was performed using the statistical
software SAS 9.2 and SPSS 19. The Shapiro-Wilk test
demonstrated that the data of the contaminants were
not normally distributed. For differences between mean
contaminant concentration (least squares means) of sampling sites, an analysis of covariance with age and lipid content as covariates and Tukey's test were performed (α =0.1).
Significant differences between sampling sites were checked
using the Kruskall-Wallis test. For correlations between
biometric parameters and contaminants Pearson's correlation coefficients were used. As n >100, an approximately
normal distribution was assumed and significance levels
could be calculated. To test the influence of biometric parameters on contaminant concentration, an analysis of covariance was performed between each biometric parameter
and the contaminants after eliminating the influence of the
sampling sites.
To analyse the differences of mean contaminant concentrations in different parasite classes, an analysis of variance was performed followed by Tukey's test. To compare
the parasite patterns of the sampling sites, a Monte Carlo
simulation of Fisher's exact test was used. Logistic regressions between parasite infection and biometric parameters
or pollutants were calculated. For all the tests, apart
from Tukey's test on differences on mean contaminant
concentration of sampling sites, a significance level of
α =0.05 was set.
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