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Abstract
Background: Despite specific restrictions on their production and use, per- and polyfluoralkyl substances (PFAS) are
still omnipresent in the environment, including aquatic ecosystems. Most biomonitoring studies have investigated
the PFAS concentrations in indigenous organisms, whereas active biomonitoring has only been used sporadically. In
the present study, accumulated PFAS concentrations were measured in indigenous fish, European perch (Perca fluviatilis) and European eel (Anguilla anguilla), and in translocated freshwater mussels (Dreissena bugensis and Corbicula
fluminea) at 44 sampling locations within the main water basins of Flanders, the northern part of Belgium. Finally,
both human health risk and ecological risk were assessed based on accumulated concentrations in fish muscle.
Results: Among locations, ΣPFAS concentrations ranged from 8.56–157 ng/g ww (median: 22.4 ng/g ww) in mussels,
5.22–67.8 ng/g ww (median: 20.8 ng/g ww) in perch, and 5.73–68.8 ng/g ww (median: 22.1 ng/g ww) in eel. Concentrations of PFOA and PFTeDA were higher in mussels compared to fish, whereas for PFDA and PFUnDA the opposite
was true. A comparison of concentrations on a wet weight basis between both fish species showed significantly
higher PFDoDA, PFTrDA, PFTeDA and PFOA concentrations in eel compared to perch and significantly higher concentrations of PFDA and PFOS in perch. In mussels, PFAS profiles were dominated by PFOA and showed a higher relative
contribution of short-chained PFAS, while PFAS profiles in fish were dominated by PFOS. Furthermore, all mussel species clearly occupied a lower trophic level than both fish species, based on a stable isotope analysis.
Conclusions: Biomagnification of PFDA, PFUnDA and PFOS and biodilution of PFOA and PFTeDA were observed.
Translocated mussels have been proven suitable to determine which PFAS are present in indigenous fish, since similar
PFAS profiles were measured in all biota. Finally, mean PFAS concentrations in fish did pose a human health risk for eel,
although tolerable daily intake values for perch were close to the reported daily consumption rates in Belgium and
exceeded them in highly contaminated locations. Based on the ecological risk of PFOS, the standard was exceeded at
about half of the sampling locations (44% for perch and 58% for eel).
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Background
Since the beginning of the twentieth century, the
increased emission of anthropogenic chemicals has led
to a dramatic environmental impact [18]. Per- and polyfluoroalkyl substances (PFAS) have been produced at
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large scale for more than 60 years. Their lipophobic and
hydrophobic properties make them suitable for a wide
range of applications, as surfactants in surface coatings
for textiles, soil repellents, food contact paper, cleaning
products, and fire-fighting foams [14]. The manufacturing and use of PFAS has resulted in a global contamination of these chemicals in the environment, wildlife and
humans [15, 33, 38, 46].
Due to their persistence, potential health effects and
global distribution, multiple manufacturers decided
to phase-out the production of perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) [28,
70]. In addition, other regulatory measures have been
taken, such as the inclusion of both of these PFAS in the
Stockholm Convention on Persistent Organic Pollutants
(POPs) in 2009 and 2019, respectively [67, 68]. Nonetheless, as PFAS are highly resistant to degradation, high
environmental concentrations of some PFAS persist [52].
In the Belgian terrestrial environment among the highest concentrations of multiple PFAS have been reported
[37, 38]. However, in the Belgian aquatic environment
the spatial distribution of PFAS has been studied less
frequently and targeted only PFOS [42, 43]. As fish consumption is an important route of PFAS pollution in
humans in Flanders [16], it is important to investigate
the spatial distribution of PFAS in the Belgian aquatic
environment in order to determine potential human and
ecological health risks. Furthermore, these studies used
passive biomonitoring (PBM) on indigenous organisms,
and were performed on a limited number of sampling
sites. Studies measuring PFAS using active biomonitoring
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(ABM) with translocated individuals, on the other hand,
have only sporadically been done [4]. This technique
allows for the exposure of the same species with a controlled background condition in every sampling location,
creating a more standardized sample collection. In addition, individuals of similar size can be exposed during the
same pre-defined time [11].
Therefore, as a baseline study the aim of this study was
to investigate the current spatial distribution of PFAS in
the aquatic environment of Flanders, Belgium, using both
ABM (translocated mussels) and PBM (indigenous fish).
Furthermore, to test for biomagnification of individual
PFAS compounds, a comparison of accumulated concentrations between primary consumers and top predators
was made. Thirdly, we examined the suitability of mussels
in ABM, by comparing accumulation profiles in fish species with those in the mussels. Finally, we investigated the
potential environmental risk and health risks to human
through the consumption of PFAS-contaminated fish.

Materials and method
Sampling locations and sample collection

A total of 44 sampling locations were selected within
the main water basins of Flanders, the northern part of
Belgium (Fig. 1). These locations were characterized as
canals, rivers and streams. The nature and number of
biota samples are indicated in Table 1. All sampling locations were selected within the existing monitoring network implemented for the Water Framework Directive

Fig. 1 Overview of the sampling sites. A more detailed overview of sampling locations can be found in Table 1
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Table 1 List of sampling locations in support of Fig. 1
Nr

Water body

City

Perca fluviatilis
(N)

Anguilla anguilla
(N)

Dreissena
bugensis
(N)*

1

BOVEN-SCHELDE I

Spiere-Helkijn

20

3

5

2

DENDER I

Geraardsbergen

22

3

5

3

DEMER VII

Werchter

8

3

5

4

MAAS I + II + III

Kinrooi

21

4

5

Nieuwpoort

19

3

5a

5

IJZER III

6

LEIE I

Wevelgem

14

3

5

7

KANAAL GENT-TERNEUZEN + GENTSE HAVENDOKKEN

Zelzate

21

0

5a

KANAAL GENT-OOSTENDE III

Oostende

20

3

0

KLEINE NETE I

Retie

17

3

5

8
9
10

ZEESCHELDE IV

Antwerpen

0

11

0

11

DIJLE I

Oud-Heverlee

0

3

5

12

IJZER I

Poperinge

20

1

5

13

BLANKENBERGSE VAART + NOORDEDE

Blankenberge

6

3

0

14

LEOPOLDKANAAL I

Oostburg

20

3

0

15

BOVEN-SCHELDE IV

Gent

18

3

5

16

ZEESCHELDE II

Kastel

3

4

5

17

ZEESCHELDE III + RUPEL

Hemiksem

0

3

0

18

GETIJDEDIJLE-GETIJDEZENNE

Mechelen

4

3

0

19

HERK + KLEINE HERK

Herk-de-Stad

0

2

0

20
21

MELSTERBEEK I + II

DOMMEL

Herk-de-Stad

0

2

0

Neerpelt

15

2

0

22

DEMER I

Bilzen

4

1

0

23

KANAAL DUINKERKE-NIEUWPOORT

Koksijde

20

3

5a

24

KANAAL IEPER-IJZER

Ieper

0

3

0

25

LEOPOLDKANAAL II

Brugge

6

3

5a

26

LEIE III

Deinze

10

4

5

27

AFLEIDINGSKANAAL van de LEIE/SCHIPDONKKANAAL I

Nevele

9

4

5

28
29

BOVEN-SCHELDE II + III

BELLEBEEK

Oudenaarde

0

3

5

Liedekerke

0

3

5

30

ZEEKANAAL BRUSSEL-SCHELDE

Willebroek

20

3

5

31

ZENNE II

Zemst

7

4

5 + 5a

32

GROTE NETE III

Heist-op-den-Berg

16

4

33

MARK (Maas)

Hoogstraten

18

4

5

34

HAVENGEUL IJZER

Nieuwpoort

0

2

5b

35
36

AFLEIDINGSKANAAL van de LEIE II + KANAAL van EEKLO

TOERISTISCHE LEIE

5

Brugge

20

3

5

Gent

20

3

5

37

DENDER IV

Aalst

20

3

5

38

DENDER V

Dendermonde

20

6

5

39

ZENNE I

Beersel

17

0

5

40

DIJLE IV

Wijgmaal

0

3

5

41

KLEINE NETE II

Herentals

0

3

4

42

KANAAL BOCHOLT-HERENTALS

Mol

20

0

5

43

ZUID-WILLEMSVAART + KANAAL BOCHOLT-HERENTALS
(deels) + KANAAL BRIEGDEN-NEERHAREN

Bocholt

20

3

4

Kanne, Riemst

20

2

0

44

ALBERTKANAAL

Number of samples per location (N) are indicated for perch (Perca fluviatilis), eel (Anguilla anguilla) and mussels (Dreissena bugensis or alternatively Corbicula fluminea
and Mytilus edulis)
*
a

As for mussels, the number of samples used for analysis instead of the total number of exposed mussels is used

Asiatic clam (Corbicula fluminea) or bblue mussel (Mytilus edulis) were used instead of quagga mussels. R1 (Nekker) and R2 (Blaarmeerse) are reference locations
where mussels were collected. Different water body numbers (e.g. IJzer I, IJzer II,…) were in line with WFD classification. Mussels collected in 2017 were exposed in
locations 23–33, collected in 2017 in locations 34–44 and collected in 2019 in the remaining locations
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and showed a variation with respect to anthropogenic
pressure (e.g. urban, rural, industrial areas).
Fish

Fish collection was performed by the Research Institute
for Nature and Forest (INBO) between 2015 and 2018.
European perch (Perca fluviatilis) and European eel
(Anguilla anguilla) in its yellow eel stage were caught
using electrofishing, with a maximum of 4 eels and 20
perches per location. However, we were not able to catch
both species at every sampling point. Both are sedentary,
predatory fish with a diet mainly consisting of invertebrates and small fish [63, 76]. Juvenile yellow eels were
collected targeting a length class of 45–55 cm. In deeper
water bodies, additionally fykes (90 cm diameter and a
total length of 22 m) were installed and harvested after
48 h. For a more detailed overview of the fishing procedure and equipment, we refer to Belpaire et al. [8]. The
fish were sorted on the field and bycatch was released.
The perch and eel were frozen for transport and stored at
− 20 °C until further processing.
Mussels

Non-native quagga mussels (Dreissena bugensis) were
collected in the recreational lake the Nekker in Mechelen
between 2017 and 2019. This area was selected based on
the absence of any known pollution sources and hence,
low concentrations of PFAS were expected. Furthermore,
low concentrations of organic micropollutants (polychlorinated biphenyl’s (PCBs), polybrominated diphenylethers (PBDEs), organochlorine pesticides (OCPs))
measured by Bervoets et al. [11] reflect the general
absence of industrial and household influences.
At least 2 weeks prior to exposure, the mussels were
acclimated to the current climate in a semi-natural pond
(mesocosm structure, University of Antwerp, Belgium),
filled with dechlorinated tap water. A subset of 5–10 randomly selected mussels was analysed before exposure
as to determine background concentrations. In order to
reduce undesired spread of this exotic species to the sampling locations, the exposure took place during autumn
and winter, since quagga mussel reproduction declines
at low water temperatures [75]. At locations with high
salinity (N = 5, mean EC20: > 2.4 mS/cm), Asiatic clams
(Corbicula fluminea) were exposed, as quagga mussels
would not survive the higher salinity. These clams were
collected from the recreational lake the Blaarmeerse in
Ghent (2017 and 2018) and in the Nekker in Mechelen
(2019). Unfortunately, insufficient individuals could be
collected from the Blaarmeerse in order to determine
background concentrations. However, we expected little difference with previously measured concentrations
in zebra mussels (Dreissena polymorpha) which showed
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very low ∑PFAS concentrations, namely 8.2 ng/g ww
(unpublished data; Additional file 1: Table S1). Due to the
very high and fluctuating salinity (EC20: 22.9 ± 14.4 mS/
cm) in the harbour channel of the IJzer, local populations
of blue mussel (Mytilus edulis) attached to a wharf were
collected and analysed. For an overview of the used species per location and exposure year, we refer to Table 1.
A total of 70 to 75 quagga mussels per location were
exposed during 6 weeks in two polyethylene cages, each
consisting of two attached pond baskets (11 × 11 × 22
cm; mesh size of 2 × 4 mm), allowing free water circulation [5, 11, 66]. When Asiatic clams were used, 25 to
30 individuals were exposed, because of their larger size.
Cages were attached to bridges or solid structures on the
bank using metal chains and locks, at a depth of at least
1 m below the water surface. After recollection, mussels
were depurated for at least 15 h in particle-free water
from the respective sampling location at 15–20 °C. Mussels were frozen at − 20 °C until further processing. Per
location, three to five mussels were randomly selected
for PFAS analysis on each individual. Lipid content and
polyaromatic hydrocarbon (PAHs) concentrations were
determined in the remaining (pooled) mussels as part of
a large monitoring study [69].
Sample preparation

A total of 515 perch and 132 eel were collected. Fish in
poor conditions or visibly damaged, were discarded.
Muscle samples of ± 1 g per individual were taken from
the mid dorsal part of the body, opposite to the anus.
Fish were pooled per species per location and homogenized using a stainless steel kitchen mixer (Bosch,
MSM65PER). This resulted in 33 perch pools and 41
eel pools. The composition of the pools is presented in
Table 1.
Although often higher PFAS concentrations are measured in liver tissue [46, 71], in the present study we
chose to measure them in muscle tissue. This facilitates
the calculation of human health risk and environmental
monitoring (of hydrophobic compounds) in terms of secondary poisoning by top predators.
Mussel soft tissue was removed from the shell and
weighed (up to 0.0001 g; Mettler AT261 DeltaRange,
Mettler-Toledo). Furthermore, the tissue condition
index (CI), as a measure of health, of individual mussels and clams was calculated as CI = tissue wet weight
(TWT in gram)/shell dry weight [60] and is displayed in
Additional file 1: Table S1. For fish, no CI was calculated
since no individual samples were included in the present
study and condition range would be very dependent on
the size of collected fish. The mussel tissue was further
homogenized using a TissueLyer LT (Qiagen, GmbH,
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Germany) with stainless steel beads (5 mm; Qiagen
GmbH, Germany).
Chemical extraction and analyses

All used PFAS abbreviations are according to Buck
et al. [14]. Fifteen PFAS were selected as target analytes,
including 4 perfluoroalkyl sulfonic acids (PFSAs) and
11 perfluoroalkyl carboxylic acids (PFCAs). The target
analytes and isotopically mass-labelled internal standards (ISTDs, MPFAC-MXA, Wellington Laboratories,
Guelph, Canada), used in the quantification of these analytes, are illustrated in Additional file 1: Table S2. During
the chemical extractions, HPLC grade acetonitrile (ACN;
LiChrosolv, Merck Chemicals, Belgium), Milli-Q (MQ;
18.2 mΩ; TOC: 2.0 ppb; Merck Millipore, Belgium) and
ammonium hydroxide (Filter Service N.V., Belgium) were
used.
The extraction procedure followed the method
described by Powley et al. [61] with modifications. The
homogenized fish muscle (0.80 ± 0.27 g) and mussel
soft tissue (0.23 ± 0.07 g) samples were weighed into
50 mL polypropylene (PP) tubes and spiked with 10 ng
of the ISTD mixture. After addition of 10 mL of ACN,
the samples were vortex-mixed thoroughly and sonicated for 3 × 10 min (Branson 2510), with vortexing inbetween the time periods. Hereafter, the samples were
left overnight on a shaking plate (135 rpm, room temperature, GFL 3020, VWR International, Belgium). After
centrifugation (4 °C, 2400 rpm, 10 min, Eppendorf centrifuge 5804R, rotor A-4-44), the supernatant was transferred to a 15-mL PP tube and dried to 0.5 mL using a
rotational-vacuum-concentrator (Eppendorf concentrator 5301, Hamburg, Germany). The concentrated extract
was transferred to a PP Eppendorf tube containing 50 mg
of graphitized carbon powder (Supelclean ENVI-Carb,
Sigma-Aldrich, Belgium) and 50 μL of glacial acetic acid,
to eliminate pigments. In addition, 2 × 250 μL of ACN,
used to rinse the 15-mL PP tubes, was added to these
Eppendorf tubes. After vortex-mixing, the extracts were
centrifuged (4 °C, 10,000 rpm, 10 min, Eppendorf centrifuge 5415R; Rotor F45-24-11). The supernatant was
dried completely using the rotational-vacuum-concentrator, and reconstituted with 200 μL of 2% ammonium
hydroxide in ACN. The samples were vortex-mixed for at
least 1 min and filtrated through an Ion Chromatography
Acrodisc 13 mm Syringe Filter with 0.2 μm Supor polyethersulfone Membrane (VWR International, Belgium)
attached to a PP auto-injector vial.
UPLC‑TQD analysis

Ultra-performance liquid chromatography coupled
tandem ES(−) mass spectrometry (UPLC–MS/MS,
ACQUITY, TQD, Waters, Milford, MA, USA) was used
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to analyse the PFAS. The target analytes were separated
using an ACQUITY BEH C18 column (2.1 × 50 mm;
1.7 μm, Waters, USA). An ACQUITY BEH C18 pre-column (2.1 × 30 mm; 1.7 μm, Waters USA) was inserted
between the solvent mixer and injector to retain PFAS
contamination originating from the system. The injection
volume was set at 10 μL with a flow rate of 450 μL/min.
As mobile phase solvents, 0.1% formic acid in water and
0.1% formic acid in ACN were used. The solvent gradient
started at 65% of 0.1% formic acid in water, decreased to
0% in 3.4 min and returned to 65% at 4.7 min. To identify and quantify the target analytes, multiple reaction
monitoring (MRM) of two diagnostic transitions per target analytes (Additional file 1: Table S2) was used. This
allowed us to confirm the absence of false-positives in the
samples.
Quality control and assurance

As quality control for the PFAS analyses, one procedural blank (10 mL of ACN) was analysed per batch of
10–20 samples. Additionally, per 11 samples, one reference sample of sterilized fish muscle tissue (pike-perch
(Sander lucioperca), QUASIMEME Laboratory Performance Studies; [72]) was included. All measurements
were within ranges of the interlaboratory study results
of the reference material (Additional file 1: Table S7). To
prevent cross-over contamination between samples during the UPLC-TQD analyses, ACN was injected on a regular basis to rinse the column. The concentrations in the
blanks were all below the limit of quantification (LOQ).
Individual LOQs were determined in the actual samples,
hence taking into account possible matrix effects, based
on the signal-to-noise (S/N) ratio of 10 and are displayed
in Table 2. LOQs for PFBS and PFHxS were much higher
compared to the other compounds, probably due to suboptimal extraction conditions. PFAS profiles might therefore not be accurate, as bioaccumulation of PFHxS was
expected in fish [58]. Due to the high LOQ values, these
data are possibly lacking. The target analytes were quantified using their corresponding ISTD (Additional file 1:
Table S2), with exception of PFPeA, PFHpA, PFTrDA,
PFTeDA, PFBS and PFDS for which no ISTD was present. These analytes were quantified using the ISTD closest in terms of functional group and carbon chain length
(Additional file 1: Table S2), as has been validated by
Groffen et al. [39]. Method recoveries for the fish samples
varied between 41% (PFBA) and 96% (PFOA). In mussel
tissue, the recoveries varied between 53% (PFHxS) and
115% (PFNA).
Stable isotope analysis

Stable isotope analyses were performed on the pooled
fish muscle and mussel samples per species and per
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Table 2 Individual limits of quantification (LOQ; ng/g ww) and concentrations (mean, median and range; ng/g ww) for the target
analytes in mussel tissue and fish muscle tissue across Flanders
LOQ

Perch (N = 33)

Eel (N = 41)

Mussel (N = 181)

Fish

Mussel

Mean

Median

Min

Max

Mean

Median

Min

Max

Mean

Median

Min

Max

PFBA

0.135

0.259

< LOQ

< LOQ

< LOQ

0.159

< LOQ

< LOQ

< LOQ

0.219

0.330

< LOQ

< LOQ

5.283

PFPeA

0.531

0.185

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

0.658

PFHxA

0.365

1.409

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

0.876

< LOQ

< LOQ

< LOQ

1.601

PFHpA

0.143

0.432

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

< LOQ

PFOA

0.106

0.269

0.159A

0.175

< LOQ

0.787

0.287B

0.276

< LOQ

0.727

10.2C

6.278

< LOQ

58.6

PFNA

0.489

0.176

< LOQ

< LOQ

< LOQ

0.730

< LOQ

< LOQ

< LOQ

0.608

< LOQ

< LOQ

< LOQ

0.639

PFDA

0.824

0.188

1.978A

1.645

< LOQ

4.624

1.030B

0.956

< LOQ

2.502

0.561C

0.464

< LOQ

3.047

PFUnDA

0.452

0.192

1.940aA

0.965a

< LOQa

10.6a

1.968aA

1.051a

< LOQa

7.202a

0.719B

0.607

< LOQ

5.136

PFDoDA

0.081

0.676

1.692AC

1.145

< LOQ

5.429

2.533BC

1.975

< LOQ

8.289

1.687C

1.162

< LOQ

11.4

PFTrDA

0.128

0.665

0.879A

0.361

< LOQ

4.693

1.471B

0.771

< LOQ

6.579

1.079

< LOQ

< LOQ

7.933

PFTeDA

0.017

0.617

0.773A

0.289

< LOQ

4.259

1.971B

1.571

< LOQ

8.278

2.300B

1.322

< LOQ

23.2

PFBS

5.598

1.253

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

1.809

< LOQ

< LOQ

147.5

PFHxS

7.202

7.177

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

< LOQa

< LOQ

< LOQ

< LOQ

< LOQ

PFOS

0.880

0.258

15.8A

10.4

2.672

53.5

12.7B

8.027

1.521

64.6

0.395

< LOQ

< LOQ

5.608

PFDS

0.003

2.478

0.008

< LOQ

< LOQ

0.138

0.010

< LOQ

< LOQ

0.204

< LOQ

< LOQ

< LOQ

< LOQ

Significant differences in mean analyte concentrations among the organisms are indicated by different capital letters. Only compounds that were detected in more
than 50% of the samples of a particular species were included in these analyses
a

in 2016 PFUnDA, PFBS and PFHxS were not analysed in the fish samples; therefore, the LOQ and concentrations of these analytes were determined on the samples
from all years, excluding 2016

location. After freeze-drying at − 55 °C, between 0.5 and
1 mg of homogenized tissue samples were encapsulated
in pre-weighted 5 × 8 mm tin (Sn) capsules to determine
nitrogen (N) and carbon (C) concentrations, as well as
δ15 N and δ13C [73]. Stable isotopes were measured using
an EA1110 elemental analyser coupled to a Thermo
DeltaV Advantage IRMS with a Conflo IV interface at
the Department of Earth and Environmental Sciences,
KULeuven (Belgium). For the calibration, a combination
of IAEA-600 (caffeine), a leucine and a freeze-dried tuna
muscle tissue standard were used. These latter two standards were previously calibrated with certified reference
standards and the estimated precisions for δ15N and δ13C
were better than 0.05‰ and 0.13‰, respectively.
The stable isotope results are expressed in the standard
notation as defined by:



Rsample
− 1 × 1000,
δ 15 N or δ 13 C =
(1)
Rreference
with R = 15N/14N or 13C/12C, for nitrogen and carbon isotopes, respectively.
The δ15N was divided by 3.4, the mean trophic fractionation of δ15N [12], to estimate the trophic level (TL)
of the organisms (Additional file 1: Table S3). A side
note should be made that, using this method, a relative
rather than an absolute TL was calculated, not taking

into account site-specific baseline levels and food chain.
However, since δ15N of the lower trophic levels (i.e. mussels) showed limited variation between locations, indicating comparable food chain structures, we believed the
used method is justified. Relations between TL and levels of bioaccumulated substances could only be assessed
for PFOA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA
and PFOS, as these were the only compounds that were
detected in more than 50% of the samples (furhter motivation in the statistical analyses section). Trophic magnification factors (TMFs) (i.e. the change in contaminant
concentrations per trophic level) for the target analytes
were determined based on the TLs and the logarithmically transformed concentrations of the analytes (more
details in the statistical analyses section).
Human health and ecological risk assessment

The maximum edible amount of fish, which a person of
70 kg could consume per day without potential health
risks, was calculated for PFOA and PFOS based on the
minimal risk levels (MRLs) proposed by the ATSDR
[2] and based on the MRL levels of the EFSA Panel on
Contaminants in the Food Chain (CONTAM) [27]. The
EFSA MRL value was determined on the sum of PFOA,
PFOS, PFHxS and PFNA. In the present study, however,
PFHxS measurements from 2016 were missing (11 sample locations) and both PFHxS and PFNA had > 97% of
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measurements below LOQ. Due to the high LOQ values,
especially for PFHxS, using ½ LOQ would probably give
an overestimation of the risk. Therefore, the EFSA 2020
guideline was compared against the sum of PFOS and
PFOA. The MRL values are proposed for oral, intermediate intake. The maximum edible amount of fish which
can be consumed per day without potential health risks
was calculated based on Formula 2 and is displayed in
Table 3:

(2)

Q = W ∗ M/C,

where M is the MRL for oral intake of the substance (ng/
kg body weight/day), W is the weight of a person (kg), Q
is the maximum amount of contaminated organisms that
a person can consume per day without risking health
effects (g/days) and C is the observed concentrations of a
substance in an organism (ng/g ww).
Furthermore, accumulated PFOS concentrations in fish
were tested for compliance against the European Environmental Quality Standards for biota ( EQSbiota), namely
9.1 µg/kg ww [24].
Statistical analyses

The statistical analyses were performed using R Studio
(version 3.2.2) and the level of significance was set at
p ≤ 0.05 (adjusted p-values). The normality assumptions
of the residuals were examined using the Shapiro–Wilk
test. Concentrations below the LOQ were given a value
of LOQ/2 [10]. Whenever the quantified concentrations
of an analyte were below the LOQ in more than 50% of
the samples at a certain location, or in a certain species,
these data were excluded from the statistical analyses
in order to minimize left-skewing of the data due to
overleverage by left-censored data. Significant differences in CI of the mussels among locations were investigated using a one-way ANOVA followed by Tukey’s

honestly significant difference test for post hoc analysis.
These tests were also used to investigate differences in
stable isotope concentrations, as well as in TLs, among
species. Spearman rank correlation tests were used to
investigate correlations between the CI of the mussels and the accumulated PFAS concentrations as well
as between the PFAS concentrations in the organisms
and the δ13C and δ15N concentrations. For this analysis,
mean values per location were determined. Paired twosample T-tests, or Paired Wilcoxon signed rank tests in
case of non-normality, were used to test for differences
in PFAS concentrations between both fish species and
between the fish species and mussels. We used Stable
Isotope Bayesian Ellipses in R (SIBER) to compare the
isotopic niche area of each species as well as isotopic
niche overlap among the species. This technique has
been proven useful to compare isotopic niche widths
among and within communities [48]. Trophic magnification factors (TMFs) were determined based on a
linear regression model between the TLs and the logarithmically transformed concentrations of the target
analytes. The TMFs were calculated as 10b, where b is
the slope of the linear model [12].

Results
PFAS concentrations and profiles

Mean background ΣPFAS (i.e. the sum concentration
of all the target analytes, with values < LOQ replaced
by LOQ/2) concentrations for mussels collected from
the Nekker (reference location) were 21.88 ng/g ww
for quagga mussels and 20.79 ng/g ww for Asian clams.
The spatial distributions of ΣPFAS concentrations in
the mussel and fish species are displayed in Figs. 2,
3, 4. The ΣPFAS concentrations ranged from 8.56 to
157 ng/g ww in mussels (median ΣPFAS concentration
of 22.4 ng/g ww), 5.22–67.8 ng/g ww in perch (median

Table 3 Minimal risk levels (MRLs) and maximum edible amounts (g/day) of fish muscle tissue, which a 70 kg person can consume
per day without health risks (Q-values), determined for mean concentrations and concentration ranges (min–max, between brackets)
in perch and eel across Flanders
EFSA [27]a

ATSDR [1]
PFOA

PFOS

Sum PFOA, PFOS,
PFNA and PFHxS

MRL (ng/kg/day)

3

2

0.63

Concentration (ng/g ww) in eel

0.304 (< LOQ—0.727)

13 (1.52–65)

13 (1.64–65)

22 (2.17–92)

6.4 (0.68–27)

Maximum edible amount of eel per day (g) for a 70 kg 872 (289–3962)
person (Q-value)
Concentration (ng/g ww) in perch

0.195 (< LOQ—0.787)

16 (2.67–53)

16 (2.88–54)

Maximum edible amount of perch per day (g) for a
70 kg person (Q-value)

1700 (267–3962)

16 (2.62–52)

5.0 (0.82–15)

a

Q-values for the EFSA [27] MRL were calculated on the sum of PFOA and PFOS due to missing data and more than 97% measurements < LOQ for the other analytes
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ΣPFAS concentrations of 20.8 ng/g ww), and between
5.73–68.8 ng/g ww in eel (median ΣPFAS concentration
of 22.1 ng/g ww). Detailed information on PFAS concentrations in the mussels and fish at each individual location is reported in Additional file 1: Table S1 for mussel
and Additional file 1: Table S4 for perch and eel.
The mean and median PFAS concentrations over the
sites are displayed for each species in Table 2 and compared in Fig. 5. As PFOA, PFDA, PFUnDA, PFDoDA
and PFTeDA were detected in more than 50% of both
the mussels and fish muscle tissue (of both species), only
these compounds were compared among mussels and
fish. In addition, PFTrDA and PFOS were detected in
more than 50% of the muscle samples of both fish species and hence we also compared the concentrations of
these analytes between eel and perch. Significant differences in PFAS concentrations between mussels
and perch were observed for PFOA (p < 0.001), PFDA
(t13 = − 4.187, p = 0.001), PFUnDA (p = 0.030) and
PFTeDA (p = 0.002). The PFOA and PFTeDA concentrations were higher in the mussels, whereas the concentrations of PFDA and PFUnDA were significantly higher in
perch. The PFDoDA concentrations did not significantly
differ between perch and mussels (p = 0.326). Similarly
to the perch, the PFOA concentrations in eel were also
significantly lower than those in the mussels (p < 0.001),
whereas PFDA (t17 = − 2.244, p = 0.038) and PFUnDA
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(p = 0.021) concentrations were higher in the eel. No
differences between eel and mussels were observed for
PFDoDA (p = 0.265) and PFTeDA (0.167). Between the
fish species, significant differences were observed for
PFOA (p < 0.001), PFDA (t28 = 3.17, p = 0.004), PFDoDA
(p < 0.001), PFTrDA (p < 0.001), PFTeDA (p < 0.001)
and PFOS (p = 0.016). The PFOA, PFDoDA, PFTrDA,
PFTeDA concentrations were higher in eel than in perch,
while PFDA and PFOS concentrations were higher
in perch. The PFUnDA concentrations did not differ
between the fish species (p = 0.629).
The PFAS profiles in the mussel, perch and eel are displayed in Fig. 6. Regarding the mussels, we did not distinguish among the different species and grouped them
all together in Fig. 6, as no large differences in PFAS
profiles were observed among the three mussel species (Additional file 1: Figure S1). The PFOA contribution in the blue mussels was slightly larger than those in
the quagga mussel and Asiatic clam, but this is likely the
result of a smaller sample size (due to the collection in
only one location) of this species compared to the others. The PFAS profile of the mussels was dominated by
PFOA, whereas in both fish species PFOS was the dominant compound. Furthermore, the relative contribution
of short-chained PFAS, i.e. PFBA, PFPeA, PFHxA and
PFBS was higher in the mussels than in the fish species. Between the fish species, no major differences in

Fig. 2 Sum of PFAS concentrations measured in eel muscle tissue in Flanders (Belgium). Increased size of the circles indicates higher accumulated
concentrations (ng/g ww)
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Fig. 3 Sum of PFAS concentrations measured in perch muscle tissue in Flanders (Belgium). Increased size of the circles indicates higher
accumulated concentrations (ng/g ww)

Fig. 4 Sum of PFAS concentrations measured in mussel tissue in Flanders (Belgium). Increased size of the circles indicates higher accumulated
concentrations (ng/g ww). Different colours represent different species
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Fig. 5 Comparison of PFAS muscle concentrations in ng/g wet weight among eel (red bars; N = 41), perch (green bars; N = 33) and mussels (blue
bars; N = 178). Differences in concentrations among the organisms are depicted by different letters for a specific compound. Only compounds
with a detection frequency > 50%, in at least two of the three organisms, are included. Hence, the PFTrDA and PFOS concentrations in mussels are
excluded from the Figure

detected PFAS compounds were observed, although
PFHxA was only detected in eel. However, the relative
contribution of the detected compounds did sometimes
differ between species. The PFAS profiles of the mussels
contained a higher contribution of PFBA (F2,252 = 5.57,
p = 0.004), PFOA (F2,252 = 49.1, p < 0.001) and PFTeDA
(F2,252 = 12.8, p < 0.001) compared to both fish species.
The opposite, with a higher contribution in the fish than

in mussel, was true for PFNA (F2,252 = 18.5, p < 0.001),
PFDA (F2,252 = 18.9, p < 0.010) and PFOS (F2,252 = 821,
p < 0.001). In addition, the PFHxA contribution was significantly higher in mussels than in eel (p < 0.001). The
PFUnDA (F2,233 = 1.96, p = 0.143), PFDoDA (F2,252 = 3.03,
p = 0.169) and PFTrDA (F2,252 = 2.89, p = 0.057) contributions were similar between mussels and fish. Between
the fish species, contributions of PFDA (F2,252 = 18.9,

PFBA
PFPeA
PFHxA
Eel
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PFNA
PFDA

Perch

PFUnDA
PFDoDA

Mussel

PFTrDA

% of Σ PFAS concentration

10
0

50

0

PFTeDA
PFBS
PFOS
PFDS

Fig. 6 PFAS profiles in eel (N = 41), perch (N = 33) and mussels (N = 178) collected across Flanders. PFHpA and PFHxS were excluded from the figure
as concentrations of these PFAS were < LOQ in all samples
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p = 0.022) and PFOS (F2,252 = 821, p < 0.001) were higher
in perch compared to eel. The opposite was true for
PFDoDA (F2,252 = 3.03, p = 0.039). Contributions of
PFBA, PFOA, PFNA, PFUnDA, PFTrDA, PFTeDA and
PFDS did not differ between eel and perch (p > 0.179).
One-way ANOVA results showed that only the CI of
the quagga mussels exposed at the Dijle (Fig. 1, Loc. 40)
was significantly higher than those at the Zenne (Fig. 1,
Loc. 31) (F28,144 = 2.44, p = 0.030), while no other differences among locations were observed for the quagga
mussels. The Asiatic clams did not differ in CI among the
six locations (F6,26 = 2.19, p = 0.077). There was no significant correlation between the CI of the mussels (regardless of species) and concentrations of PFOA (p = 0.991),
PFDA (p = 0.950), PFUnDA (p = 0.687), PFDoDA
(p = 0.928) and PFTeDA (p = 0.747), nor with ΣPFAS
concentrations (p = 0.517). When looking at only the
quagga mussels, the PFOA (p = 0.843), PFDA (p = 0.680),
PFUnDA (p = 0.590), PFDoDA (p = 0.732), PFTeDA
(p = 0.307) and ΣPFAS (p = 0.843) concentrations were
not significantly correlated to the CI of the mussels. For
all other PFAS, the detection frequencies were below 50%
and hence, no correlation with the CI was investigated.
Isotopic niche overlap, trophic levels and associations
with PFAS concentrations

The δ13C and δ15N values are reported in Additional file 1:
Table S1 for the mussels, and Additional file 1: Table S4
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for the fish species. The SIBER analysis revealed that
the isotopic niches of perch and eel, as well as those of
the quagga mussels and Asian clams, overlapped (Fig. 7,
Additional file 1: Table S5). Both mussel species had no,
or very limited, overlap in isotopic niche with the fish
species (Fig. 7, Additional file 1: Table S5). This difference
in isotopic niche between the mussel species and the fish
species was mainly the result of significant differences in
δ15N values, which were higher in both fish species compared to the mussel species (F3,130 = 120, p < 0.001). The
δ13C did only differ between the quagga mussels and the
eel, with higher δ13C values in the mussels (F3,130 = 3.18,
p = 0.026). The median corrected standard ellipse area
(SEAc), representing the isotopic niche width, was larger
in eel (23.84‰2), compared to perch (11.00‰2), while
the SEAc of the Asian clams (13.46‰2) was higher than
those of the quagga mussels (8.39‰2) (Additional file 1:
Figure S2).
The trophic levels of the organisms are displayed
in Additional file 1: Table S3. The TLs for the mussel
species were significantly lower than for the fish species (F3,84 = 100, p < 0.001). Differences in TL between
the quagga mussels and the Asian clams, as well as
between the perch and eel, were not significant. The
TL of all organisms was negatively related to the PFOA
(slope (b) = − 0.381, R2 = 0.476, p < 0.001) and PFTeDA
(b = − 0.137, R2 = 0.062, p = 0.011) concentrations,
and positively related to the concentrations of PFDA

Fig. 7 Isotopic niche overlap among perch (Perca fluviatilis, green ellipse, N = 24), eel (Anguilla anguilla, red ellipse, N = 31), quagga mussel
(Dreissena bugensis, blue ellipse, N = 30) and Asian clam (Corbicula fluminea, black ellipse, N = 5)
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(b = 0.101, R2 = 0.212, p < 0.001), PFUnDA (b = 0.097,
R2 = 0.116, p = 0.002) and PFOS (b = 0.499, R2 = 0.638,
p < 0.001). No relationships between TL and PFDoDA
(p = 0.791) and PFTrDA (p = 0.409) were observed. TMFs
were only calculated for the compounds that were significantly related with TLs and are displayed in Additional
file 1: Table S6.
Significant negative relations have been observed
between the PFOA concentrations in mussels and perch
(t16 = − 2.31, p = 0.035, R2 = 0.20), whereas concentrations of PFTrDA (t16 = 4.77, p < 0.001, R2 = 0.56) and
PFTeDA (t16 = 4.54, p < 0.001, R2 = 0.54) were positively related between both organisms. No relationships
between the PFAS concentrations in perch and mussels have been observed for PFDA, PFUnDA, PFDoDA
and PFOS (p > 0.05). Between mussels and eels, significant positive relationships were observed for PFDoDA
(t19 = 2.16, p = 0.044, R2 = 0.15), PFTrDA (t19 = 6.87,
p < 0.001, R2 = 0.70), PFTeDA (t19 = 6.89, p < 0.001,
R2 = 0.70), and PFOS (t19 = 4.83, p < 0.001, R2 = 0.53). The
concentrations of PFOA, PFDA and PFUnDA (p > 0.05)
were not related between eel and mussel. Finally, between
both fish species, a positive relationships was observed
for PFUnDA (t11 = 9.91, p < 0.001, R2 = 0.89), PFDoDA
(t14 = 7.37, p < 0.001, R2 = 0.78), PFTrDA (t14 = 16.8,
p < 0.001, R2 = 0.95), PFTeDA (t14 = 5.53, p < 0.001,
R2 = 0.66) and PFOS (t14 = 3.18, p = 0.006, R2 = 0.38). The
concentrations of PFOA and PFDA (p > 0.05) were not
related between eel and perch.
Negative correlations were observed between the
δ13C values and concentrations of PFOS (ρ = − 0.405,
p < 0.001), PFDA (ρ = − 0.410, p < 0.001), PFUnDA
(ρ = − 0.317, p = 0.007), PFDoDA (ρ = − 0.277, p = 0.009)
of all organisms, as well as between values of δ15N and
concentrations of PFOA (ρ = − 0.659, p < 0.001). The δ13C
concentrations were positively correlated with concentrations of PFOA (ρ = 0.275, p = 0.009), whilst the δ15N
concentrations were positively correlated with those of
PFOS (ρ = 0.753, p < 0.001), PFDA (ρ = 0.439, p < 0.001)
and PFUnDA (ρ = 0.363, p = 0.002). No correlations were
observed between δ13C and PFTrDA (p = 0.306), δ13C
and PFTeDA (p = 0.302), and between δ15N and concentrations of PFDoDA (p = 0.548), PFTrDA (p = 0.644) and
PFTeDA (p = 0.101). For all other PFAS, no correlations
were examined as detection frequencies were < 50%.
Human health risks

Based on the mean concentrations and the concentration ranges in the eel and perch, the maximum edible
amounts of both fish species per day (g) for a person of
70 kg have been calculated and reported in Table 3. This
value was determined on the pooled dataset of all sample locations. Calculated using the mean concentrations
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of the sum of PFOS and PFOA, a person of 70 kg should
consume maximally 6.4 g of eel and 5.0 g of perch per day
without a potential health risk. A worst-case scenario,
using the maximum concentrations detected in the fish
species, revealed that humans should not consume more
than 0.68 g of eel and 0.82 g of perch per day. For the
above results the MRLs by the EFSA Panel on Contaminants in the Food Chain [27] were used, since they are the
most strict. For calculations based on ATSDR [2] MRLs
for PFOS and PFOA individually, we refer to Table 3.

Discussion
Spatial distribution

Our results confirmed a wide distribution and bioavailability of PFAS in the aquatic environment. The canal
Brussel–Schelde (Fig. 1, Loc. 30) showed high accumulated concentrations in all biota. This canal is subject to
direct influence from intensive industrial activities. The
highest PFAS concentrations in perch were measured
in the Zenne River (Fig. 1, Loc. 31), known for its very
high background pollution and influences from Brussels [69]. Furthermore, high concentrations were measured in mussels deployed in the canal Bocholt–Herentals
(Fig. 1, Loc. 42). This canal is a connection between the
Meuse and Scheldt basin, both known for large effects of
industrial as well as household waste water as a source
of PFAS [69]. The Melsterbeek, however, showing high
accumulated concentrations in eel, flows through a more
agricultural region. Here, contamination with PFAS
might be caused by agriculture, households or undefined
point sources. However, our conclusions on this part are
mere qualitative and based on personal interpretation
and experiences of the general monitoring network of
the Flanders Environment Agency. Further investigation
using data on population density, area of industrial surfaces and emission indices could be used to investigate
the relationship between accumulated concentrations
in biota and possible sources with a more quantitative
approach.
The use of PFOS is restricted since 2009 [67]. This
should eventually lead to a decrease of this substance in
the environment. Previous studies on the water bodies
used in the present study indeed showed higher concentrations of PFOS. A preliminary monitoring study from
2013 reported PFOS concentrations in muscle tissue of
eel of 15, 33, 7.2 and 34 µg/kg ww in the upper-Scheldt,
canal Ieper-IJzer, Kleine Nete and Demer, respectively
[21]. The present study showed concentrations of 5.6,
14.5, 12 and 11.3, respectively, at the same sampling locations in eel. These results showed a clear decrease and
possibly revealed the effects of phasing-out the use of
these compounds to the environment, with the exception
of the Kleine Nete, which remained stable.
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Compared to previous studies on yellow perch
(Perca flavescens), the PFOS (118.6 ± 29 ng/g ww) and
PFUnDA concentrations (3.8 ± 1.2 ng/g ww) in New Jersey, USA, were considerably higher than those reported
in the present study, whilst, on the contrary, concentrations of PFDA (1.1 ± 0.4 ng/g ww) and PFDoDA
(0.7 ± 0.2 ng/g ww) were lower in New Jersey [34]. The
concentrations of PFOS, PFUnDA, PFTrDA, PFDA,
PFDoDA and PFOA were higher in the present study
compared to those reported in perch collected in Finnish rivers (3.4 ng/g PFOS, 1.0 ng/g PFUnDA, 0.45 ng/g
PFTrDA, 0.5 ng/g PFDA, 0.23 ng/g PFDoDA and
0.03 ng/g PFOA [49]), and to those reported in shad
(Alosa agone), European whitefish (Coregonus lavaretus),
burbot (Lota lota), rainbow trout (Oncorhynchus mykiss),
perch, roach (Rutilus rutilus), brown trout (Salmo trutta)
and Arctic char (Salvelinus alpinus) in glacial lakes from
the Alps in France, Switzerland and Italy (6.0 ng/g PFOS,
0.3 ng/g PFUnDA, 0.5 ng/g PFDA and 0.3 ng/g PFDoDA
[71]). A monitoring study in the Netherlands measured
PFOS concentrations in bream (Abramis brama), roach,
perch and pike-perch between 4.9 and 120 ng/g ww
[31], which were higher than those reported in the present study. In the North Rhine–Westfalen basin in Germany, eel PFOS concentrations ranged between 8.3 and
49 ng/g ww [40]. The PFOS concentrations in the Loire
estuary ranged from 17.9 to 39.0 ng/g ww [19]. Kwadijk
et al. [50] examined the distribution of multiple PFAS in
eel from The Netherlands and reported PFOS concentrations ranging from 7 to 58 ng/g ww. In Lake Möhne, Germany, PFOS concentrations of 37–83 ng/g ww have been
reported in eel, whereas PFOA concentrations ranged up
to 2.3 ng/g ww [44]. These concentrations are comparable to those reported in eel in the present study. Compared to other studies investigating PFAS concentrations
in mussels, the ΣPFAS concentrations were higher in the
present study than reported in previous studies in fresh
water mussels from Spain [30], and marine mussels from
the Netherlands [78], Spain [35, 77], and Denmark [13],
but lower than those reported in marine mussels from
Portugal [20]. Comparison to literature, revealed a large
variation of PFAS concentrations measured in biota, both
on a European and global scale. High concentrations
might be due to the presence of different sources of PFAS
contamination (e.g. point sources, diffusive emission
sources). On the other hand, differences between species
could be explained by their diet [4].
PFAS bioaccumulation, magnification and dilution

Longer chain PFAS preferentially partition to sediments,
as the water solubility of PFAS is inversely proportional
to the length of the carbon chain, while short-chain
compounds remain dissolved in the water [51, 62]. The
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carbon chain length, as well as the identity of the anionic
functional group of PFAS, is related to their bioaccumulative potential, with PFSAs being more bioaccumulative than PFCAs with the same fluorinated carbon chain
length [17]. Furthermore, PFCAs and PFSAs that contain
at least eight fluorinated carbons (i.e. PFNA and PFOS
and longer compounds) have a greater bioaccumulative
potential [17]. Although shorter chain PFAS can also bioaccumulate, they have a much smaller bioaccumulation
potential and their bioaccumulation is mainly related
to elevated concentrations in the water column [17, 34].
This might also explain the larger contribution of shortchain PFAS in mussels compared to fish, since both isotopic niche analysis and TL confirmed that the mussels
occupied a lower position in the trophic food chain.
The differences in PFAS profiles between the mussels and fish species are likely also the result of different
ways of exposure, caused by the sampling strategy and
experimental design of this study. As the mussel cages
were placed in the water column, without contact to the
sediment, the mussels have been exposed solely to the
water and suspended material, whilst the fish have been
exposed to both the water and sediment. Although both
species are considered to be spending time in close relation to the sediment compartment [7, 74], eel shows a
more bottom-dwelling lifestyle. Consequentially, the
dominance of hydrophilic PFCAs and PFSAs, with less
than eight fluorinated carbons (i.e. PFOA, PFHxS and
shorter PFAS), was expected in the mussels. Similarly,
the fish species have also been exposed to sediments and
hence to longer chain PFAS with a higher bioaccumulative potential. This also explains why PFOA concentrations were significantly higher in the mussels compared
to both fish species, whilst the opposite pattern was often
observed for longer chain PFAS. On the other hand, it
has been shown that biotransformation (the degradation of PFAS precursors to, for example, PFOS) efficiency
increased with increasing trophic level, from invertebrates to fish [4].
Dietary differences between perch and eel could
explain the differences in PFAS concentrations and profiles between both fish species. Although on average,
the TLs of both species did not differ, eels have a slightly
broader range of TLs compared to perch. Despite that
both are predatory species, feeding primarily on invertebrates and small fish species [63, 76], there are differences
in the feeding ecology between both species in the studied populations. The broader isotopic niche (indicated by
SEAc) indicates that, despite the overlap in isotopic niche
area between both species, eels have a more diverse and
flexible diet, which might consist of different invertebrate
or fish species, compared to perch [9]. For example, De
Meyer et al. [22] showed that head morphology of eel
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(broad-headed vs. narrow-headed) could influence diet,
trophic level and therefore pollutant accumulations. Furthermore, the diet of both species is known to depend
on their size, as size-dependent diet segregation of both
species has been reported before [29, 63, 76]. This segregation is also known to vary widely among populations [63], which could also explain dietary differences,
and hence differences in exposure, between perch and
eel. Additionally, spatial differences in diet may occur
depending on local ecological variation in species composition and food availability. Finally, biotransformation
of PFAS can be species-specific [4, 32], probably due to
specific proteins involved in the process [59], resulting in
different contamination profiles.
A positive correlation between accumulated concentrations in mussels and fish was found for PFTrDA,
PFTeDA, and PFOS and PFDoDA in eel. This positive
relationship reflects the possibility of mussels to predict
the pollutant pressure at different locations, since high
concentrations at a specific location are found in fish as
well as mussels. With a negative correlation, as was the
case for PFOA in perch, the relationship between species
is contradictory, and mussels will not be able to predict
high pollution levels in fish (and therefore a risk of secondary poisoning). Furthermore, all significant relationships between both fish species showed to be positive,
which is a logical consequence since they occupied similar trophic levels of the same food web in each location.
The TMFs in the present study were compared to
those of other studies on freshwater ecosystems, and
were higher than those reported by Loi et al. [54] for
PFOS (TMF = 1.3) and lower than those for PFUnDA
(TMF = 1.7), although the general trend of biomagnification was comparable to the present study. Furthermore,
the TMFPFOS calculated in the present study is in line
with other European studies on lake and river food chains
as reported by Rüdel et al. [64]. On the other hand, Lescord et al. [53] reported a negative relation between accumulation and trophic level for PFOS, PFNA and PFUnDA
in a foodweb from the high Arctic. In a study on alpine
lakes in Northern Italy, a TMFPFOS of 3 was found [57].
However, when they analysed a fish-only food web this
value became not significant and lower than one. The
presence of TMFs greater than 1 for PFOS, PFDA and
PFUnDA was expected, as the biomagnification of these
PFAS has been reported before [47, 58]. The observed
biodilution for PFOA and PFTeDA could, in case of
PFOA, be explained by differences in exposure between
the mussels and fish species, as was described above.
Regarding PFTeDA, its biodilution may be associated
with its large molecular size, limiting the penetration of
cell membranes [17, 45]. However, since species of different locations were compared, we might need to take into
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account the possible effect of location (ecological quality,
physicochemical parameters) rather than just bare biomagnification and -dilution effects on bioaccumulated
concentrations. This is in agreement with Munoz et al.
[58], who stated that the PFAS chemical structure is not
be exclusively predictive of TMFs, since they are also
influenced by trophic web characteristics.
Suitability of mussels in active biomonitoring of PFAS

The PFAS profiles in the mussels did not differ much
among the three species (Additional file 1: Figure S1).
Furthermore, isotopic niche determination showed an
overlapping niche for both quagga mussels (D. bugensis)
and Asian clams (C. fluminea). Therefore, it is appropriate to use both species in monitoring studies on locations with varying salinity and extrapolate the results.
Although the PFAS profile of the blue mussels (M. edulis) differs slightly from those of the quagga mussels (D.
bugensis) and the Asian clams (C. fluminea), this is likely
the result of a smaller dataset for the first species. Therefore, more research, using a larger sample size, is necessary to fully confirm the suitability of using blue mussels
simultaneously with the other two species.
Regarding their suitability in active biomonitoring, our
results show that mussels can provide an overview of
the contaminants present in the environment to which
fish are exposed. The PFAS compounds that have been
detected in the mussels were similar to those detected in
the fish species, although concentrations differed, as was
explained above.
Both ABM using mussels and PBM using indigenous
fish, have their assets and liabilities. As the mussels
provided a short time pollution profile (exposure during 6 weeks), fish allowed the integration of a lifetime
exposure. Short time exposure might be influenced by
seasonal variations in bioavailability, which is cancelled
out using indigenous species. Furthermore, the numerous measurements below LOQ in mussels might give
an underestimation of the situation. The bioavailability,
however, is made clear through biomagnification in the
accumulated concentrations of fish. Measuring in fish
also may give additional information towards risk assessment for species of higher trophic levels feeding on fish,
such as predatory birds or mammals (including humans).
On the other hand, from an ethic perspective, the use
of invertebrates might be encouraged. PFAS analysis
can be done on a small amount of tissue and therefore
on individual mussels, so no large numbers are needed.
The results in the present study confirm the possibility
of extrapolation between mussels and fish and between
both fish species.
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Human health risks

The maximum recommended amount of eel that could
be consumed without posing health risks, according to
the ATSDR guidelines [2], was lower than that of perch
concerning PFOA contamination, but for PFOS the
opposite was true. Nonetheless, for PFOS the differences
between both species (ca. 1.4 times) were smaller than for
PFOA (ca. 2 times). On the other hand, when using the
EFSA value [27], the maximum recommended amounts
of both fish were much lower. This sensitive value was
determined with a decreased immunoresponse after
consumption as a critical human health response and
is to be tested against the sum of PFOS, PFOA, PFNA,
PFHxS. However, as stated in the materials section, the
sum of PFOS and PFOA was used in the present study.
Although, this might have led to an underestimation of
the actual risk, we believe it to be a good estimation since
PFOS had the largest contribution to the total PFAS sum.
Due to consumption of their catch, in Flanders mainly
recreational anglers and their families may be exposed
to contaminated fish. A mean consumption of 2.7 g of
perch per day and 18 g of eel per day was reported in an
interview on anglers (ANB-VF/2015/4). The maximum
recommended amounts of fish that could be consumed
without posing health risks (Q-values; Table 3), calculated using the mean concentrations in the fish species,
were higher than the mean consumption amounts in
Flanders for both species using the ATSDR [2] MRL. The
Q-values for eel were ca. 50 and 1.2 times higher than
the reported consumption amount, for PFOA and PFOS,
respectively. For perch, this was ca. 630 and 6 times
higher. On the other hand, using the more strict EFSA
[27] MRL, Q-values were below the reported consumption amount for eel and only 2 times higher for perch.
However, when using a worst-case scenario, based on
the maximum concentrations in both fish species, health
risks due to PFAS contamination are expected from the
consumption of both fish species. In this worst-case scenario, the maximum edible amount of perch per day was
2.62 g/day and 0.82 g/day (Table 3), calculated using the
ATSDR [2] PFOS MRL value and the EFSA [27] MRL
values, respectively. For eel, these Q-values in the worstcase scenario are 2.17 g/day and 0.68 g/day, respectively,
which are 8 to 26 times lower than the average eel consumption in Flanders.
Therefore, it is likely that the local recreational fishermen have a high chance of experiencing detrimental
effects of accumulated PFAS concentrations. Evidentially,
calculations were performed on mean consumption
rates, indicating individuals exist that consume more.
For these people even more locations might pose a health
risk, since the Q-values for perch were very close to the
mean consumption rate. PFOS accumulation in humans
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has been associated with multiple hepatotoxic, neurotoxic, reproductive, immunotoxic and thyroid disruptive effects, which could lead to severe diseases and even
death (as reviewed by [80]. Even at very low concentrations, PFAS can alter the lipodome, disrupting lipid and
weight regulation [36]. The Flemish government, however, already discourages consumption of eel and other
predatory fish from Flemish waterbodies due to high
concentrations of other pollutants (e.g. PCBs) [55].
Ecological health risk

Under the Water Framework Directive (WFD) the
EU [24] defined Biota Quality Standards (EQSbiota)
for freshwater, threshold concentrations for protection of the integrity of aquatic ecosystems and specifically for prevention of secondary poisoning and human
health risk. For perfluoroalkyl substances, 9.1 µg PFOS/
kg ww was set as the (human health based) threshold
(EQSbiota, hh). For eel and perch, respectively, 44% and
58% of sampling locations exceeded the E
 QSbiota, hh,
indicating potential health risks to the food web and
to top predators (including humans) through fish consumption. In a German monitoring study, PFOS was
above the EQSbiota,hh in 33% of the locations in perch
muscle [64, 65]. However, the current EQSbiota, hh is
based on the previous EFSA tolerable daily intake (TDI)
value for PFOS of 150 ng/kg body weight, which can be
converted to 10.5 µg per day considering a 70 kg person
[26, 56]. This value is more than 200 times higher than
the sensitive EFSA group TWI value [27] used in the
human health risk determination in the present study.
Furthermore, the EQSbiota was calculated considering
a mean European daily fish consumption of 115 g [23],
while Belgium is known to have a lower fish consumption compared to other European countries [1]. All this
leads to the conclusion that the current EQSbiota for
PFOS might underestimate the risk for human health
consequences through fish consumption, especially for
Belgium, and needs to be revised.
On the other hand, the higher EQS of PFOS of 33 µg/
kg ww [23] was determined specifically for protection
of top predators against secondary poisoning ( EQSbiota,
secpois). Comparison to this standard resulted in an
exceedance for 7% of the sampling locations for eel
and 15% for perch. It was, however, stated that when
determining the risk for secondary poisoning it is more
appropriate to use whole fish measurements instead of
fillet [25]. An average conversion factor between both
matrices of about 3 was determined for perch [64, 65,
81]. This would increase the exceedance in perch to
45% of all locations.
Furthermore, the setup of our study is in line with
general recommendations for biota monitoring under
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de WFD [25]. All biota used in the present study are
considered good biomonitor species. However, in order
to estimate the risk for secondary poisoning, taking into
account biomagnification effects, the use of top predators (TL of 4 in freshwaters) is recommended. Both fish
species included in the present study could be classified as such 
( TLperch: 4.97 ± 0.15; TLeel: 4.86 ± 0.14).
Furthermore, their widespread (European) occurrence
and limited home range allow for good monitoring
practices [7, 81]. Although, within the present study a
limited size range was targeted, differences in ranges
and mean fish sizes between locations were detected
[69]. This might affect the mean PFAS concentrations
per location and comparison between locations, since
accumulated concentrations increase with size and
age [25]. As stated before, due to the high affinity of
PFAS for proteins, liver tissue might have been a better matrix for sole monitoring purpose. However, since
human health risk assessment was an important focus
of the present study, muscle tissue was considered a
more appropriate matrix. Finally, a standardization of
hydrophobic compounds was proposed in the Guidance Document [25]. For mercury and perfluorooctane
sulfonate (PFOS), which do partition to proteins in
contrast to the other lipophilic priority compounds, a
standardization to a default dry weight fraction of 26%
was recommended. This approach was not included in
the present study. However, the standardization had a
very limited effect on or even increased the variability of measured concentrations [81, 71]. Furthermore,
Valsecchi et al. [71] reported that dry weight standardization, as a proxy for protein content, for PFOS is inappropriate because PFAS bind to specific proteins.

Conclusion
Based on both ABM and PBM, our results show that
PFAS are widely bioavailable across Flanders’ aquatic
environment. The highest concentrations were measured
nearby known densely populated areas, probably with
both industry and households being the main sources
for PFAS pollution. The PFAS concentrations in the fish
species were, in general, comparable to those reported in
other industrialized and populated regions in Europe and
the USA.
Although biomagnification as well as biodilution have
been observed, it should be stated that this was examined on a combination of translocated and indigenous
organisms, which have been exposed to different sources
throughout the ABM period. Therefore, the outcomes
could differ when using indigenous invertebrates, whose
concentrations would reflect not only the exposure
through the water, but also through the sediment. Nonetheless, translocated mussels have been proven suitable
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to determine which PFAS are present in indigenous fish,
as PFAS profiles were similar among the different species.
Human health risks due to the consumption of PFAScontaminated fish are expected, especially for eel. Based
on the average concentrations, the recommended
amounts of fish that could be consumed without posing health risks were lower than the mean consumption
amounts in Flanders for eel, but not for perch. However,
regarding perch, this difference was very small. Hence,
when looking at a worst-case scenario, calculated using
the maximum detected concentrations in fish, these recommended consumption amounts were much lower than
the mean consumption amounts in Flanders.
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Index, stable isotope data (δ13C and δ15 N), and PFAS concentrations
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N = 43) and eel (Anguilla anguilla, N = 56). Table S6. Slopes and trophic
magnification factors (TMFs) for the target analytes that were significantly
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