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A B S T R A C T

The Western Scheldt is a polluted temperate estuary in the Netherlands and a hotspot for per- and polyfluoroalkyl 
substances (PFAS), leading to environmental concerns. To assess PFAS contamination, several biota types were 
sampled in 2023. Reference data was available from 2006 to 2008 and reference material was collected from the 
Wadden Sea. A spatial gradient in stable isotopes and PFAS concentrations was observed in the estuary. PFAS 
concentrations were positively correlated with trophic level. For most biota, concentrations were significantly 
lower than 2006–2008, but significantly higher than the Wadden Sea. Whole-body burdens for marine mammals 
were extrapolated from liver concentrations to allow further comparison between trophic levels. Biota Magni
fication Factors for perfluorooctane sulfonic acid (PFOS) ranged between 0.1 and 34, and the Trophic Magni
fication Factor was 5.7. PFOS concentrations exceeded the European threshold level in flounder and, partly, 
other fish. Results point at risk of sublethal effects in estuarine biota at several trophic levels.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) have been produced 
since the 1950s and are found ubiquitous in the environment, stemming 
from point source emissions as well as from transport via air, run-off 
from land, rivers, and ocean currents (Kurwadkar et al., 2022; Panieri 
et al., 2022). PFAS are proteonophilic given their high affinity to bind to 
proteins in biota (Teunen et al., 2022), and several PFAS, especially 
perfluorooctane sulfonic acid (PFOS), have been shown to accumulate in 
biota across all environmental compartments (Panieri et al., 2022). This 
raises significant concerns, as PFAS exposure has been linked to various 
adverse health effects in both wildlife and humans, such as negative 
effects on the immune system, endocrine system, growth and repro
duction (Molina et al., 2006; Wang et al., 2011; Liu and Gin, 2018; 
Panieri et al., 2022).

Extensive knowledge gaps still exist concerning the behavior, fate 
and effects of PFAS in the environment, especially for complex ecolog
ical systems, such as estuaries, that are highly influenced by human 
activities. Estuaries are both dynamic and productive, and form the 
interface between rivers and oceans. By definition, they are strongly 
connected to the terrestrial system. Estuaries are therefore particularly 
exposed to manmade contaminants as they integrate contaminants from 
multiple sources. Furthermore, the variability in physico-chemical 
characteristics, such as salinity, temperature and nutrient concentra
tions, strongly influences both the presence of species and trophic in
teractions. While some information on PFAS magnification in estuarine 
food webs is available (Munoz et al., 2017, 2022; Li et al., 2021), these 
studies typically concern lower food webs up to the trophic level of fish. 
By excluding top predators, such as marine birds and mammals, relevant 
information on the food webs characteristics of PFAS is lacking.
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The Dutch Western Scheldt estuary is highly affected by local ship
ping and the industrialized and urbanized hinterland, with direct con
nections to the urban and port areas of Antwerp and Ghent (Belgium), 
and Vlissingen (the Netherlands). It is considered one of the most 
contaminated estuaries in Europe (Gaulier et al., 2021). More specif
ically, the Western Scheldt estuary has been shown to contain elevated 
concentrations of PFAS in both surface water and biota compared to 
other areas in the Netherlands (Jonker, 2024). Several PFAS point 
sources, such as PFAS production and processing industry, and waste 
water treatment and waste incinerator plants, can be found along the 
estuary and directly upstream (Hoff et al., 2004; D'Hollander et al., 
2014; Jonker, 2024), with diffuse sources from the hinterland of the 
Scheldt river also contributing to the PFAS load (Teunen et al., 2021). 
Based on new data showing high PFAS concentrations in shrimp and 
fish, the Dutch National Institute for Public Health and Environment 
issued a warning to civilians to minimize the consumption of fishery 
products from this estuary (van den Heuvel-Greve et al., 2022; Zwartsen 
and Boon, 2022). This led to further concerns about the environmental 
health of the estuary. Although some data on PFAS exposure in biota of 
the estuarine Western Scheldt food web exist, they are predominantly 
fragmented and/or over 15 years old (Hoff et al., 2003; Van de Vijver 
et al., 2003; de Vos et al., 2008; Byns et al., 2022; Jonker, 2024).

The objective of this study was to assess the current PFAS exposure in 
the estuarine food web of the contaminated Western Scheldt and to place 
these findings into perspective, both temporally (using historically 
available data from 2006 to 2008) and spatially (with the Wadden Sea as 
reference location, containing similar species but without significant 
point sources of pollution). In order to do this, the Western Scheldt food 
web was sampled across trophic levels, from invertebrates and fish to the 
level of local top predators, aiming to provide a comprehensive over
view of PFAS distribution across the food web. The results were used to 
assess the exposure, biomagnification and trophic magnification of 
PFAS, as well as the potential implications of PFAS exposure for the 
environmental health of the estuary. To the best of our knowledge, this 
is the first study to assess the trophic transfer of PFAS in a temperate 
estuarine food web, up to the level of top predators.

2. Material & methods

2.1. Western Scheldt estuary

The Western Scheldt estuary receives freshwater from the river 
Scheldt, that runs from northern France and Belgium (upstream) west
wards through the Netherlands, and ultimately drains into the North 
Sea. It has a salinity gradient ranging from 5 to 18 ‰ in the east (mes
ohaline) to 18–30 ‰ in the west (polyhaline), and a tidal amplitude of 
4–5 m (Meire et al., 2005).

2.2. Sampling

To assess the exposure, bioaccumulation, and biomagnification of 
PFAS in the Western Scheldt, three top predators in this estuary were 
examined: the common tern (Sterna hirundo), the harbor porpoise 
(Phocoena phocoena), and the harbor seal (Phoca vitulina). The Wadden 
Sea served as a reference site based on the lack of point sources of PFAS 
of similar magnitude and its considerable distance from the Western 
Scheldt (200 km), thereby minimizing the likelihood of recent foraging 
overlap of the studied top predators between these two locations. 
Common tern samples were collected from a breeding colony in each 
region, while samples from harbor porpoise and harbor seal were 
collected from individuals that had washed ashore (Fig. 1). Invertebrate 
and fish samples were collected at four locations in the Western Scheldt 
(Ghent-Terneuzen Channel, Middelplaat, Ossenisse sandflats, Valkenisse 
sandflats) and two locations in the Dutch Wadden Sea (near the island of 
Griend, and the western Wadden Sea) (Fig. 1).

2.3. Common tern

Common tern eggs were collected from breeding colonies in the 
Western Scheldt (Terneuzen harbor) and in the Wadden Sea (isle of 
Griend) at the beginning of the breeding season in May 2023 (Fig. 1, 
Supporting information Table S1). Single eggs were randomly taken 
from ten different nests, wrapped in clean paper towel, placed in an egg 
carton for safe keeping and frozen at − 20 ◦C.

Fig. 1. Sampling locations of invertebrates and fish in the Western Scheldt (left) and Wadden Sea (right) in 2023. Sample collections at locations 1, 2 and 5 took 
place in the spring, whereas the collections at locations 3, 4 and 6 took place in the fall. Western Scheldt locations: 1 = Middelplaat, 2 = harbor Terneuzen - entrance 
to the Ghent-Terneuzen Channel, 3 = Ossenisse sandflats, 4 = Valkenisse sandflats. Wadden Sea: 5 = island of Griend and surroundings, 6 = Wadden Sea west. Bird 
eggs were collected from the colonies of Terneuzen (Western Scheldt) and Griend (Wadden Sea). Stranded porpoises and seals were collected from the beaches in 
both areas (see symbols).
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2.4. Marine mammals

Liver (for PFAS, moisture and lipid analysis) and muscle (for isotope 
analysis) samples were collected during post-mortem investigations of 
juvenile harbor seals and harbor porpoises that were found stranded in 
the Western Scheldt (n = 7 and n = 10 respectively) and the Wadden Sea 
(n = 11 and n = 10 respectively) (see Supporting information 
Tables S2–S3 for details). In addition, samples were collected from an 
adult harbor seal that was found stranded in the Western Scheldt. The 
juveniles were of particular interest for this study as they are more prone 
to contain the highest PFAS concentrations (Foord et al., 2024). 
Furthermore, individuals of this age class are assumed to be less mobile 
and predominantly stay in and near the Western Scheldt for a longer 
period, making them good models for studying PFAS bioaccumulation 
locally.

Harbor porpoise samples were selected from the ongoing statutory 
post-mortem investigations on fresh carcasses by the Faculty of Veteri
nary Medicine, Utrecht University, following internationally standard
ized guidelines (IJsseldijk et al., 2019). For harbor seals, on the contrary, 
there is no statutory post-mortem monitoring. Therefore, stranded 
corpses were specifically collected between October 2021 and July 2023 
and stored frozen (− 20 ◦C) until later simultaneous necropsy.

For both marine mammal species, stranding date, location, sex, total 
length (cm), and weight (kg) were recorded (Tables S2–S3). Addition
ally, the nutritional condition code (NCC) was assessed visually, based 
on the dorsal musculature, presence/absence of visceral fat and quan
titative assessment of blubber thickness. Scoring was done on a six-point 
scale with NCC1 representing very fat and muscular animals and NCC6 
severely emaciated animals.

2.5. Lower trophic levels

Sampling of the lower trophic levels took place in May–June 2023 for 
the common tern prey base (Tables 1, S4) and in September–October 
2023 for the harbor porpoise and harbor seal prey bases (Tables 2, S5). 
Most of the invertebrate and all fish samples were collected from a ship, 
using a 3-meter wide (shrimp) beam trawl with a mesh size of 2 cm. 
Catches were directly sorted on a stainless-steel table and target species 
were selected. Fish were anesthetized by transferring them to seawater 
containing an overdose of the aquatic anesthetic AQUI-S (active ingre
dient Isoeugenol). Clean lab gloves were used for sorting, and changed 
between samples and after contact outside the sorting tray. Between 
samplings, all used materials were extensively rinsed with tap water and 
dried using clean paper towels. Marine worms and shellfish were 
collected by hand from the sand flats during low tide.

In the onboard lab, wet weight, length and number of individuals 
were recorded per sample (Tables S4–S5), and samples were stored in 

glass containers at − 20 ◦C until further processing. Fish being too large 
for the glass containers were wrapped in aluminum foil and placed in 
ziplock bags in the freezer. Lugworms were pooled into three sub
samples of which the total wet weight was recorded, and stored in glass 
containers at − 20 ◦C. For fish, body sizes that were representative for 
the diets of terns, porpoises and seals were collected. Gut depuration 
processes did not take place in the benthic invertebrate species (clams 
and worms), as the research's purpose was to assess PFAS concentrations 
in the diet of (higher) trophic levels (terns, porpoises and seals).

Sampling locations for invertebrates and fish were based on foraging 
locations of the top predators. Both the Terneuzen harbor, in front of the 
Ghent-Terneuzen Channel, and Middelplaat on the Western Scheldt are 
important feeding areas for common terns of the Terneuzen breeding 
colony, while the area northwest of the island of Griend serves as a key 
feeding area for the Wadden Sea breeding colony (Fig. 1). Therefore, 
these locations were selected to sample invertebrates and fish as a po
tential prey source for the terns in spring. The Ossenisse and Valkenisse 
sand flats in the Western Scheldt are regularly used by seals as haul out 
sites. It is likely that the young seals forage in the vicinity, particularly 
during or just after the pupping season in late summer, early fall. 
Therefore, sample collection of potential diet sources of seal diet, and 
their prey, was conducted at and around these sand flats in the Western 
Scheldt. Both sampling locations and a few seal prey species (herring 
and whiting) were considered representative for harbor porpoises. This 
means that the samples collected as prey for harbor seals were also used 
for harbor porpoises, with pouting and goby added as additional prey 
sources. As reference location for seals and porpoises, sampling of 
shrimp and fish was conducted in the western Wadden Sea in the fall.

2.6. Chemical analysis

All samples, except those from top predators, were processed as 
whole individuals and consisted of multiple individuals (Tables 1–2). 
Common tern and marine mammal samples were treated per individual. 
All samples were fully homogenized using a blender prior to further 
analysis.

To determine the trophic position in the Western Scheldt food web, 
the stable isotope ratios δ13C and δ15N were determined in the in
vertebrates, fish, common tern (eggs) and marine mammal (muscle) 
samples. Samples were freeze-dried for 24 h, homogenized with pestle 
and mortar, and ± 2 g freeze-dried material was used for analysis. For 
δ13C analysis, samples were acidified with HCl prior to analysis, to 
remove inorganic carbon. Samples were analyzed for δ13C and δ15N in 
an Element Analyzer (EA, Firma Thermo Electron, Flash EA 1112 
analyzer) coupled to an isotope ratio mass spectrometer (IRMS, Delta V 
Firma Thermo Electron). The isotope values are expressed in parts per 
thousand (‰), relative to the Vienna Pee Dee Belemnite (VPDB) 

Table 1 
Number of invertebrate, fish and common tern samples collected per sampling location in the Western Scheldt (n = 25) and the Wadden Sea (n = 21) in May 2023. 
Whole organism samples consisted of multiple individuals per sample, whereas top predator samples (tern eggs) consisted of one individual per sample. The targeted 
lengths of the prey fish (4–8 cm) were based on the preferred diet size of common terns.

Species Sample 
type

Number of 
individuals per 
sample

Western Scheldt 
(Terneuzen colony)

Western Scheldt (harbor/ 
entrance Ghent-Terneuzen 
channel)

Western Scheldt 
(Middelplaat)

Wadden Sea 
(Isle of Griend)

Wadden Sea (Mainly 
northwest of 
Griend)

Brown shrimp 
(Crangon crangon)

Whole 
organism

50 1 3 3

Goby 
(Pomatoschistus/ 
Gobius sp.)

Whole 
organism

30a – 3 3

Pouting (Trisopterus 
luscus)

Whole 
organism

30 1 3 3

Atlantic herring 
(Clupea harengus)

Whole 
organism

30a 1 3 2

Common tern (Sterna 
hirundo)

Egg 1 10 10

a Target number of individuals was not always reached for each sample (see Table S9).
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standard and atmospheric nitrogen, respectively.
Moisture content in the samples was determined using a gravimetric 

method. Each sample was mixed with shell sand, weighed, dried in an 
oven at 105 ◦C for 3 h, then cooled in a desiccator and weighed. Ash 
content determination involved gradually heating and drying weighted 
samples in a crucible on a hotplate, followed by ashing in a muffle 
furnace at 550 ± 15 ◦C for 22 h. The samples were then cooled in a 
desiccator and reweighed.

The lipid content of samples was determined using a modified 
version of the Bligh and Dyer method (de Boer, 1988), based on cold 
chloroform-methanol extraction.

Concentrations of 16 PFAS components were determined in a total of 
142 samples (Tables S6 and S8), consisting of: PFBA, PFPeA, PFHxA, 
PFHpA, PFOA, PFNA, PFDcA, PFUnA, PFDoA, PFTrA, PFTeA, PFBS, 
PFHxS, PFHpS, PFOS, and PFDS. Mass labelled and unlabeled standards 
for all compounds were obtained from Wellington labs. PFAS analyses 
were performed following Kwadijk et al. (2010). In short, a subsample 
(1–5 g) of each homogenized sample underwent ultrasonic extraction 
using acetonitrile. The resulting extract was dried over a glass filter with 
sodium sulfate, followed by a cleanup step with activated carbon. The 
final extract was analyzed by Liquid Chromatography-Electrospray 
Ionization Tandem Mass Spectrometry (LC-ESI-MS/MS) using an Agi
lent 1200 LC pump coupled with a Waters Quattro micro MS. Separation 
was performed using a 150 × 2.1 mm (3.5 μm) Zorbax C18 column 
(Agilent) with 25 mM ammonium formate in demi water as solvent A 
and 25 mM formic Acid in methanol as solvent B. Quantification was 
performed in ESI negative mode (Table S7). The calibration curve for 
each compound consisted of eight points between 300 and 0.5 ng/ml 
and had an R2 > 0.998.

Quality assurance and quality control samples were added to each set 
of up to 20 samples. These consisted of procedural blanks, in-house 
reference materials (commercial mussel Mytilus edulis tissue samples 
for moisture content, eel Anguilla anguilla tissue samples from Dutch 
waters for lipid analysis, and M. edulis tissue samples spiked with PFOS- 
PFOA-PFNA-PFDA-PFUnA-PFDoA for PFAS analysis), and recovery tests 
containing 13C-labelled PFAS components for all analyzed PFAS com
ponents. No PFAS components were detected in any of the blank sam
ples. For the in-house reference material, all results fell within normal 

variation (<20 %). Internal standard recovery of all 13C-labelled PFAS 
components was between 70 and 130 %. Samples with concentrations 
above the calibration curve were reanalyzed with a lower sample intake, 
while concentrations below the lowest calibration curve were reported 
as below the Limit of Quantification (<LoQ). PFBA and PFHxA were not 
observed above the LoQ in any of the samples and were excluded from 
further analyses. Therefore, the Sum-PFAS was ultimately based on 14 
PFAS components (Sum-14PFAS). The PFAS method is routinely tested 
in intercomparison exercises (QUASIMEME), scoring Z-scores of − 1.4 to 
1.4 for PFOS (2020–2025).

2.7. Data processing

Tissue PFAS concentrations were expressed on a 100 % dry weight 
basis to remove variance as a result of differences in moisture content. 
All values below the LoQ were treated as ‘0’. Furthermore, the fraction 
of PFOS of the Sum-14PFAS was determined.

Due to the limited amount of data per species and/or location in most 
datasets, it was not possible to verify the normal distribution of all data. 
Therefore, the non-parametric two-tailed Mann-Whitney test was used 
to assess the statistical significance of differences in concentrations be
tween species, locations, and recent versus historic data. Differences 
were considered statistically significant at p < 0.05. Boxplots and Mann- 
Whitney tests were performed using Graphpad Prism, version 10.1.0.

The trophic level (TL) within the food web was determined for each 
sample based on the stable nitrogen isotope results, using the following 
equation (Post, 2002): 

TLconsumer = λ+
( (

δ15Nconsumer − δ15Nbase
)/

Δ15N
)
,

where λ is the trophic position of the organism used to estimate δ15Nbase 
(e.g., λ = 2 for primary consumers), δ15Nsecondary consumer (δ15Nsc, or any 
higher consumer) is measured directly, and Δ15N is the trophic fraction 
of nitrogen in δ15N per trophic level. The latter was kept at 3.4, as a 
generic fractionation for secondary and tertiary consumers in aquatic 
environments (Van der Zanden and Rasmussen, 2001). Clams consis
tently showed the lowest δ15N values (14.52 ± 0.78 ‰) in our dataset 
and were therefore used as baseline organism (λ = 2) in this study.

Table 2 
Number of invertebrate, fish, porpoise (liver, muscle) and seal (liver, muscle) samples collected per sampling location in the Western Scheldt (n = 66) and the Wadden 
Sea (n = 30), in September–October 2023. Whole organism samples consisted of multiple individuals per sample, whereas top predator samples (porpoise and seal 
liver/muscle) consisted of one individual per sample. The targeted lengths of the prey fish (8–25 cm) were based on the preferred diet size of harbor seals and harbor 
porpoises.

Species Sample type Number of individuals 
per sample

Western 
Scheldt

Western Scheldt 
(Ossenisse sandflats)

Western Scheldt 
(Valkenisse sandflats)

Wadden 
Sea

Wadden Sea 
West

Peppery furrow shell 
(Scrobicularia plana)

Whole 
organism

65a 3 3

Lugworm (Arenicola marina) Whole 
organism

50 3 3

Brown shrimp (Crangon 
crangon)

Whole 
organism

100 3 3 3

Shore crab (Carcinus maenas) Whole 
organism

30 3 3

Goby (Pomatoschistus/Gobius 
sp.)

Whole 
organism

30a 3 3 3

Pouting (Trisopterus luscus) Whole 
organism

30a 3 2

Atlantic herring (Clupea 
harengus)

Whole 
organism

30 2 1

Whiting (Merlangius 
merlangus)

Whole 
organism

30a 3 1

European flounder 
(Platichthys flesus)

Whole 
organism

30a 3 3 3

Harbor porpoise (Phocoena 
Phocoena)

Liver +
muscle

1 10 10

Seal (Phoca vitulina) Liver +
muscle

1 8 11

a Target number of individuals was not always reached for each sample (see Table S9).
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The food chain length (FCL) of the Western Scheldt estuary was 
calculated according to Van der Zanden and Fetzer (2007), as following: 

FCL =
(
δ15Ntoppredator − δ15Nbase

)/
Δ15N+ λ 

with all symbols being the same as described above and δ15Ntoppredator 
being the maximum δ15N in our dataset.

Two types of Biomagnification Factor (BMF) were calculated for the 
Western Scheldt food web. This was done for PFOS only, as this was the 
only PFAS component with 0 % non-detects in the Western Scheldt 
samples (Table S8). The BMFs were calculated for PFOS concentrations 
that were based on 100 % dry weight.

A lab-derived BMF was calculated using the equation (Conder et al., 
2012): 

BMF =
Cpredator

Cprey 

with Cpredator being the PFOS concentration of the predator species and 
[Cprey] the PFOS concentration of the prey species.

A field-derived BMF was calculated using the equation (Conder et al., 
2012): 

BMFTL = 10

[
log10(Cpredator/Cprey)

TLpredator − TLprey

]

with TLpredator being the TL value of the predator species and TLprey the 
TL value of the prey species.

Finally, the Trophic Magnification Factor (TMF) was calculated in 
the Western Scheldt food web, also only for PFOS. The following 
equations were used (Borgå et al., 2012): 

[Contaminant] = 10bTL 

TMF = 10b 

where b is the regression slope of the log-normal relationship. Regres
sion slope was retrieved using R (R core team, 2024), and plotting was 
performed with ggplot2 and ggprism (Wickham, 2016; Dawson, 2021). 
For both the BMF and TMF, a value of >1 points at biomagnification, 
whereas a value <1 implies biological dilution of the specific contami
nant in the food web compartment.

In marine mammals, PFAS concentrations are predominantly 
measured in specific organs, such as liver or blood, as whole-organism 
concentrations are difficult to assess in these large bodied animals. 
However, comparing contaminant levels determined in organs of indi
vidual top predators with levels in organisms from lower trophic levels 
that are based on multiple individuals using the whole-body, may lead to 
a mismatch, resulting in an overestimation of the PFAS concentration at 
the top predator level (Houde et al., 2006; Borgå et al., 2012). A well- 
supported biomass conversion from such specific organs to whole- 
body burdens may lead to a better picture of the TMF for food webs 
including top predators (Houde et al., 2006; Miranda et al., 2022). 
Therefore, the whole-body burdens for porpoises and seals were also 
calculated, based on the relative volume of different organs and tissues 
in relation to the whole-body (McLellan et al., 2002; Ahrens et al., 
2009a), reported PFOS concentrations in organs and tissues (Van de 
Vijver et al., 2007; Ahrens et al., 2009a; Fujii et al., 2018), and estimated 
conversion factors from wet weight to dry weight whole-body burdens 
(Yang and Miyazaki, 2003; Horn and de la Vega, 2016) (see Supporting 
information text file for more details).

3. Results & discussion

3.1. Food web composition of the Western Scheldt estuary

Stable isotopes analysis was first applied to assess the food web 

relations within the Western Scheldt, as backbone for the accumulation 
and magnification processes. Carbon isotopes (δ13C) ranged from − 22.8 
in a seal to − 16.4 ‰ in another seal sample, and nitrogen isotopes (δ15N) 
from 13.4 in a herring to 22.7 ‰ in a seal sample (Fig. 2, Table S9). 
Lowest δ15N values in general were observed in clams (13.7–15.3 ‰) 
and highest values in seals (19.7–22.7 ‰). The data correspond well 
with previous values recorded in the Western Scheldt (van Ael et al., 
2013). For example, the isotopic composition of lugworms (mean δ13C 
18.5 ‰ and mean δ15N 17.3 ‰) was similar to the mean δ13C of 18.1 ‰ 
and mean δ15N of 17.5 ‰, as reported by van Ael et al. (2013).

Both δ13C and δ15N values showed a spatial gradient along the 
Western Scheldt, with organisms sampled in the upper estuary being 
relatively depleted in δ13C and enriched in δ15N compared to the same 
species sampled in the lower estuary (Fig. 2, Supporting information 
Figs. S1 and S2). This negative correlation between δ13C and δ15N be
tween the marine and brackish part of the estuary has been described 
before in particulate organic matter of the Western Scheldt (Middelburg 
and Herman, 2007), and is typical for an estuarine system due to varying 
contributions of fluvial (δ13C depleted) versus marine (δ13C enriched) 
organic matter as food source (Deegan and Garritt, 1997). This was 
particularly visible in the invertebrate species (clam, lugworm, crab and 
shrimp) and in some of the fish species (herring, pouting). It may indi
cate that these, more pelagic, fish species have a less varied diet than 
flounders and gobies (demersal fish species) in the Western Scheldt, as 
the latter group did not show this negative correlation. Such a contrast in 
feeding strategy between pelagic and demersal fish species was also 
observed in the temperate estuarine food web of the Gironde, France 
(Pasquaud et al., 2008). Interestingly, the spatial gradient was also seen 
in porpoises, but was absent in seals. This may imply that the porpoises 
that were stranded in the center of the estuary, foraged locally for a 
prolonged period of time, whereas seals used the estuary more as a 
resting place and collected their food further offshore. The terns showed 
a relative depletion in δ13C compared to the other top predators, which 
may be explained by the terns also using a nearby fresh to brackish water 
channel for feeding.

Food chain length in the Western Scheldt was estimated at 4.4 tro
phic levels, which corresponds well with the average for marine eco
systems (4.0 ± 0.5, Van der Zanden and Fetzer, 2007), the North Sea 
(~4.0, Van der Zanden and Fetzer, 2007), and another European 
temperate estuarine food web (~4.2, Munoz et al., 2017). Adding apex 
predators, such as the seal and porpoise, extended the food web with 
~0.9 trophic levels. This resulted in the required three trophic levels 
that are needed to reliably calculate trophic magnification factors for 

Fig. 2. Food web of the Western Scheldt estuary, based on the δ13C versus δ15N 
isotope values in the collected species. All samples were collected in 2023, 
except for porpoises and seals, that were collected between 2018 and 2023.
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contaminants in the Western Scheldt food web (Borgå et al., 2012).

3.2. PFAS exposure in biota

The Sum-14PFAS concentrations in biota of the Western Scheldt (n =
91) ranged from 2.0 to 8.7 ng/g dw in clams to 1613–8243 ng/g dw in 
seal livers (Table S9). Sum-14PFAS concentrations showed a significant 
positive correlation with δ15N (Fig. 3, Table S11), depicting transfer and 
biomagnification of PFAS in the estuarine food web. Even when 
considering only samples from the center of the Western Scheldt, thus 
removing the spatial differences in stable isotope values, bio
magnification was still observed (Fig. S4).

The Sum-14PFAS concentrations showed substantial variation be
tween porpoise and seal individuals (Fig. 3). This was previously 
observed in harbor seals from the Dutch Wadden Sea (Van de Vijver 
et al., 2005). Typically, seals are weaned at a very early age and 
therefore develop individual foraging and survival strategies (Harvey 
et al., 2022). Compared to this, the tern (egg) samples showed much 
lower individual variation. Common terns are predominantly income 
breeders (Moore et al., 2000). Therefore, the diet of adult females, 
directly prior to egg laying and complemented by male provisioning, 
influence both the stable isotope ratios and concentrations of lipophilic 
and proteonophilic contaminants in the eggs. Furthermore, terns forage 
on pelagic species in the neighborhood of their breeding colonies, while 
juvenile porpoises and seals primarily target bentho-pelagic and 
demersal species in a broader feeding area. This may explain the dif
ferences in variability between the terns and marine mammals. Inver
tebrate and fish samples also showed lower variation between samples. 
However, each of these samples consisted of multiple individuals, 
averaging out most of the individual variation. Furthermore, compared 
to the top predators, these species are more spatially confined to the 
sampling site and in equilibrium with their surroundings, thus better 
reflecting the local environment.

PFOS concentrations in biota of the Western Scheldt ranged from 2.0 
to 7.7 ng/g dw in clams to 1358–6818 ng/g dw in seal livers, and was the 
most dominant of all PFAS components in shrimp, fish and top predators 
from the Western Scheldt (Fig. 4). This is in line with earlier reported 
data in fish from Dutch and Belgian coastal waters (Zafeiraki et al., 
2019; Byns et al., 2022; Jonker, 2024). The PFOS contribution gradually 
increased up the food chain, starting on average from 34 % in lugworms 
and 49 % in crabs to >87 % in livers of porpoise and seals (Fig. 4A). The 
only exception was the PFOS contribution in clams (88 %), which can be 
explained by a very low total Sum-14PFAS concentration with most 
PFAS components being below the LoQ (Table S8). In the lugworms, 
PFOA was found to be more dominant than PFOS. This was also 

observed in tidal flat organisms, including lugworms, of the Ariake Sea 
in Japan (Nakata et al., 2006), and in freshwater mussels from Belgium 
(Teunen et al., 2021). Some PFAS components were only found in a few 
individual samples above the LoQ in the Western Scheldt; PFPeA was 
only observed in goby and pouting, PFHpA in lugworm, PFBS in pouting, 
and PFDS in porpoise and seal (Table S8). Overall, the concentrations of 
the majority of the PFAS components were significantly positively 
correlated with the PFOS concentration in the sample, except for PFOA 
(n = 68) (Table S10). Also, PFPeA and PFDS did not show a correlation, 
but the number of samples with both components >LoQ were low (n = 3 
and n = 4 respectively). Furthermore, all individual PFAS components 
showed a significant positive correlation with the trophic level indicator 
δ15N‰ of the sample, except for PFOA (n = 67) showing no correlation 
with trophic level (Table S11). Also here, PFPeA (n = 3) and PFDS (n =
4) were not correlated with δ15N‰.

To allow a comparison of PFOS based on whole-body burden for the 
entire Western Scheldt food web, the liver concentrations of the marine 
mammals were converted to estimated whole-body burdens using esti
mated extrapolation factors (see Supporting information Text file). 
Whole-body concentrations in the Western Scheldt harbor porpoises 
were calculated to be 207 ± 161 ng/g dw, which was approximately ten 
times lower than the measured liver concentrations. Whole-body PFOS 
burdens for the harbor seals were 429 ± 244 ng/g dw, about seven times 
lower than the measured liver concentrations. These whole-body-to- 
liver PFOS concentration ratios were similar to those applied earlier 
for bottlenose dolphins (Tursiops truncatus), which were based on actual 
measurements in two dolphins (nine times lower; Houde et al., 2006). 
To the best of our knowledge, this is the first time that such conversion 
factors for PFOS have been applied for seals and porpoises. To improve 
the conversion factors from PFAS liver concentrations to whole-body 
concentrations in marine mammals, it is advised to further develop 
these based on empirical studies.

3.3. Western Scheldt comparison: 2006–2008 vs. 2023

Between 2006 and 2008 field surveys were conducted in the Western 
Scheldt estuary using a similar approach as the current study (de Vos 
et al., 2008; Table S16). Among a series of contaminants, several PFAS 
components were measured in many of the species that were also 
sampled in 2023. Although the total set of analyzed PFAS substances 
during the 2006–2008 campaign was somewhat different from the 
current set of 2023, both datasets included the EFSA-4 PFAS components 
(PFOS, PFOA, PFNA and PFHxS). This allows a direct comparison be
tween the two data sets based on the Sum-EFSA4-PFAS concentrations.

In general, PFAS concentrations (Sum-EFSA-4) in biota of the 
Western Scheldt estuary were lower in 2023 than in 2006–2008 (Fig. 5). 
Six of the nine species that were sampled in both time periods showed a 
significant reduction in PFAS (Sum-EFSA-4) concentrations. The highest 
reductions of 15, 9 and 4 times were observed in lugworm, herring and 
flounder respectively. No significant change could be detected for clams 
and shrimp, although for these species most of the concentrations were 
also lower in 2023 (Fig. 5). For porpoises, only two individuals were 
sampled in 2006–2008, and although these concentrations were higher 
than in 2023, the difference was not significant. Decreasing trends in 
PFAS concentrations in the Western Scheldt estuary were also reported 
earlier in water and biota (Byns et al., 2022; Jonker, 2024). These are 
likely a result of measures such as reduced production and use following 
PFOS's 2009 listing under the Stockholm Convention on Persistent 
Organic Pollutants (Jonker, 2024) and 3 M's phase-out of PFOS and 
PFOA (Byns et al., 2022).

3.4. Comparison with other regions

Sum-14PFAS concentrations in Wadden Sea biota (n = 51) ranged 
from <LoQ-8.0 ng/g dw in goby to 321.9–863.2 ng/g dw in seal liver. 
PFAS concentrations in Western Scheldt biota were generally 

Fig. 3. Nitrogen isotopes versus Sum-14PFAS concentrations (ng/g dw) for all 
Western Scheldt samples. All samples were collected in 2023, except for por
poises and seals, that were collected between 2018 and 2023.
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statistically higher than in the same species collected from the Wadden 
Sea (Fig. 6, Table S12). This further confirms that the Western Scheldt 
estuary is a hotspot for PFAS in the Dutch coastal waters (Jonker, 2024). 
The largest differences between the Western Scheldt and Wadden Sea 
were found in goby, seal (liver), shrimp, flounder and pouting for which 
Sum-14PFAS concentrations were on average 15.8, 8.0, 7.1, 6.2 and 6.2 
times higher in the Western Scheldt estuary than in the Wadden Sea, 
respectively. For herring (n = 2) the sample size in the Wadden Sea was 
too small to test for differences.

The PFAS profiles also differed between the Western Scheldt and 
Wadden Sea biota (Figs. 4 and 6). PFBA, PFPeA, PFHxA and PFHpA were 
not detected >LoQ in Wadden Sea samples, whereas PFBS (n = 2), 
PFHpS (n = 4) and PFDS (n = 2) were detected in <8 % of the Wadden 
Sea samples (Table S8). Nonetheless, significant (p < 0.006) positive 
correlations were observed between the PFOS concentrations and 
several PFAS components (PFTeA, PFDoA, PFUnA, PFTrA, PFNA, 
PFDcA, PFHxS, PFHpS) that had concentrations above LoQ in the 
Wadden Sea samples, again except for PFOA (Table S10).

PFOS concentrations in the Western Scheldt estuary were generally 
at the higher end of concentrations reported elsewhere, and at the lower 
end for some of the highest concentrations reported 15–20 years ago in 
some species. PFOS concentrations in shrimp (5.2–33.0 ng/g ww, mean 
17.6 ± 10.2 ng/g ww) were around ten times higher than shrimp 
collected in the southern North Sea near the entrance of the Western 
Scheldt (0.3–4.6 ng/g ww, 2018; Byns et al., 2022). PFOS concentrations 
in fish from the Western Scheldt (1.7–120 ng/g ww) were up to four 
times higher than in fish in the Gironde estuary, southwest France 
(0.3–27.1 ng/g ww Sum of branched + linear PFOS, 2012; Munoz et al., 
2017). PFOS in common tern eggs from the Western Scheldt (84–190 
ng/g ww) were slightly higher than most reported PFOS concentrations 
in bird eggs worldwide (10–100 ng/g ww; Sun et al., 2023), though 
lower than the highest concentrations observed in eggs from double- 
crested cormorants (Phalacrocorax auritus) in San Francisco Bay, Cali
fornia (36.1–466 ng/g ww, 2012; Sedlak et al., 2017) and from common 
guillemots (Uria aalge) in the Baltic Sea (25–1324 ng/g ww, 1968–2003; 
Holmström et al., 2005). PFOS concentration in harbor porpoise livers 
from the Western Scheldt (24–1500 ng/g ww, mean 536 ± 417 ng/g 
ww) were similar to or a little lower compared with earlier reported 
concentrations in harbor porpoises from the North Sea (53–1700 ng/g 
ww, 1980–2005; Galatius et al., 2011), Balthic Sea (159–2425 ng/g ww, 
1991–2008; Huber et al., 2012) and the United Kingdom (357–2992 ng/ 
g ww, 2015–2018; Androulakakis et al., 2022). PFOS concentrations in 
seal livers from the Western Scheldt (330–1800 ng/g ww, mean 1015 ±
579 ng/g ww) were among the highest reported in seal livers worldwide 
(Sait et al., 2023) and on the lower end of the highest reported PFOS 
concentrations in samples from the German Bight in the North Sea, 
collected 15–20 years ago (7.2–3451 ng/g ww, 2003–2008; Ahrens 
et al., 2009b).

3.5. Biomagnification of PFOS

Field-derived BMFs for PFOS for seals and porpoises were calculated 
based on estimated whole-body burdens in these top predators. This 
allowed a more realistic comparison of PFOS concentrations in the top 
predator versus the whole-body prey concentrations, and resulted in 
BMFs for porpoises ranging between 0.1 and 34, and for seals between 
0.4 and 18.5 (Fig. 7) (Table S13). Although some BMF values were 
below 1 for both species, pointing at biodilution, average BMFs were 
between 3.1 and 11.7 for porpoises and 1.4–11.3 for seals, indicating 
biomagnification of PFOS in these top predators when based on whole- 

Fig. 4. PFAS profiles in all biota groups for the Western Scheldt estuary (left), and the western Wadden Sea (right). All samples were collected in 2023, except for 
porpoises and seals, that were collected between 2018 and 2023. Only PFAS components with a contribution of at least 1 % to the Sum-14PFAS are shown, thereby 
excluding PFPeA, PFHpA and PFDS from this figure.

Fig. 5. Tissue concentrations of Sum PFAS (EFSA-4, ng/g dw) in biota from the 
Western Scheldt collected in 2023 (in black), and 2006–2008 (in red). Box plots 
showing median, 25–75 percentile (box) and 10–90 percentile (bars). No data 
were available for whiting, tern and seal in 2006–2008. Statistical significance 
between years: *P < 0.05, **P < 0.01, ***P < 0.001 (two tailed nonparametric 
Mann Whitney test). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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body burdens. When BMFs were based on liver PFOS concentrations of 
seals and porpoises, the average BMFs were up to ten times higher 
(38–102 for porpoises and 8–56 for seals) (Table S13). This is lower than 
what has been reported for bottlenose dolphins, where BMFs were up to 
a 30-fold higher in liver versus calculated whole-body burdens (Houde 
et al., 2006). The high variation in the observed BMFs were related to 
the variable trophic differences between predator and prey, as indicated 
by δ15N‰, as well as large variation in PFOS concentrations in the top 
predators. This would imply that not all individual top predators that 
were sampled for this study may have had the same relation with the 
Western Scheldt food web. In the current study BMFs were not calcu
lated for terns, as these are the product of the adult female, having a 

more indirect feeding relation with the food web.
At the lower trophic level, the field-derived BMF for the flounder and 

its' diet ranged between 1.2 and 38, with the highest BMF value for clam 
as diet species (8–38) and the lowest for shrimp (1.2–6.2) (Fig. 7) 
(Table S13). This low bioaccumulation step from shrimp to flounder can 
be explained by the minimal difference in TL between both species (3.0 
in shrimp vs. 3.1 in flounder) and relatively high PFOS concentrations in 
shrimp. The here calculated field-derived BMFs are somewhat higher 
than the BMFs found in the temperate estuary of the Gironde (SW 
France, Munoz et al., 2017). They reported an average BMFflounder-clam of 
4.6 for L-PFOS, while here the BMFflounder-clam was 14 for PFOS. Dif
ferences in food web composition and/or other environmental and 

Fig. 6. Comparison of the Sum-14PFAS concentrations (ng/g dw) (left), and the %PFOS of Sum-14PFAS concentrations (right) in biota of the Western Scheldt (in 
black) versus the Wadden Sea (in red). All samples were collected in 2023, except for porpoises and seals, that were collected between 2018 and 2023. No data were 
available for clam, lugworm, crab and whiting in the Wadden Sea. Goby data were excluded in the figure on the right (%PFOS) as only 1 sample out of 6 contained a 
PFOS concentration above detection limit. Box plots showing median, 25–75 percentile (box) and 10–90 percentile (bars). Statistical significance between locations: 
*P < 0.05, **P < 0.01, ***P < 0.001 (Two tailed nonparametric Mann Whitney test). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 7. Field-derived Biomagnification Factors (BMFs) for PFOS in the Western Scheldt estuarine food web, including the harbor porpoise and harbor seal as top 
predator, in 2023. Placement of the species in the food web was based on the calculated Trophic Level (TL) for each species. PFOS concentrations in the porpoise and 
seals were converted to whole body concentrations for these BMF values.
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biological characteristics between the two estuaries may be the cause of 
this.

Since a suitable standardization method is not available for PFAS, 
such as basing concentrations on 100 % lipid weight for lipophilic 
compounds like PCBs, it is important to keep sample types in food webs 
studies as consistent as possible when assessing biomagnification po
tential. As determining PFOS whole-body burdens is a practical chal
lenge for larger bodied species such as the top predators, this can be 
further improved by establishing more empirically based conversion 
ratios from liver or blood concentrations to whole-body burdens. Simi
larly, the suitability of eggs as a proxy for PFOS levels in birds and 
determining conversion rates from eggs to the respective whole-body 
burden (for adult females) should be further studied. Moreover, it 
must be kept in mind that a BMF based on field data should always be 
seen as indicative, as a solid BMF can only be calculated in situations 
where predators are limited to a single prey.

3.6. Trophic magnification (TMF) of PFOS

PFOS showed clear trophic magnification in the Western Scheldt 
food web (Fig. 3). The trophic magnification (TMF), based on estimated 
whole-body burdens for seals and porpoises, resulted in a TMF of 5.7 
(95 % CI 3.5–9.3) for the entire dataset, a TMF of 23.9 (95 % CI 
3.2–178.9) for the spring samples (including the common tern), and a 
TMF of 6.4 (95 % CI 4.1–9.8) for data collected solely in the fall 
(Table S14). When based on liver concentrations in seals and porpoises, 
the TMF was a factor 2.4 higher for the whole dataset (13.6, 95 % CI 
7.2–25.6), and also a factor 2.4 for the fall data (15.1, 95 % CI 7.3–31.1) 
(Table S14). This compares well the factor 2.7 difference between 
whole-body and liver-based TMFs calculated for marine mammals in an 
estuary in South Carolina, USA, and the factor 3.8 found in an Arctic 
marine food web (Houde et al., 2006).

The observed TMFs fall well within the recorded range of 1–20 for 
PFOS in aquatic ecosystems in general (Miranda et al., 2022). Compared 
to other studies that include top predators, the Western Scheldt TMFs 
were higher than found in estuaries in South Carolina, USA (1.8 ± 1.2, 
based on whole-body burden, Houde et al., 2006), and an Arctic marine 
food web (6.5 ± 4.5, based on liver concentrations, Tomy et al., 2004).

The elimination potential of PFOS in air breathing top predators is 
thought to be lower than elimination of PFOS via the gills of fish, which 
may result in a higher TMF for those studies that include air-breathing 
top predators (Byns et al., 2022). When excluding top predators, the 
TMFs of the Western Scheldt (5.0 - all data, 3.5 - spring data, and 5.0 - 
fall data) were also higher than those found in other temperate estuarine 
systems that excluded top predators (1–4 in the Gironde estuary in 
France (Munoz et al., 2017), 1.6 in the Xiaoqing River estuary in China 
(Li et al., 2021), and 1.6 in the St. Lawrence estuary in Canada (Munoz 
et al., 2022)).

Differences in TMF values between the Western Scheldt and other 
areas can be a consequence of a variety of factors. TMF values for PFAS 
are influenced by local diets, but also by the way the trophic level is 
calculated (such as enrichment factor, baseline species, seasonal varia
tion in δ15N), the expression of the PFAS concentrations in the calcula
tion (dry weight or wet weight or protein content corrected 
concentrations), and the statistical treatment of the data (e.g. how to 
include non-detects in a dataset; Miranda et al., 2022). The latter did not 
affect the current TMF calculation as all Western Scheldt samples had 
PFOS concentrations above LoQ. However, a clear spatial gradient was 
visible along the Western Scheldt estuary for both δ15N and PFOS, 
implying that sampling location in an estuary affect the TMF (Figs. S2 
and S3). Given that PFOS concentrations were consistently higher in 
species with higher trophic levels, also at single sample location 
(Fig. S4), we argue that PFOS magnified throughout the Western Scheldt 
food web, despite the spatial gradient in nitrogen isotopes and PFOS 
concentrations in the estuary.

3.7. Potential health implications for biota

3.7.1. European Water Framework Directive (WFD)
In the EU Guidance Document no.32 (EU, 2014), Ecological Quality 

Standards for biota (EQSbiota) are described for a selection of contami
nants that apply for the European Water Framework Directive. These 
EQS values are derived for two protection goals: 1) protection against 
effects of accumulation and secondary poisoning of substances in the 
food chain, especially for top predators such as birds and mammals 
(QSsecpois), and 2) safeguarding human health from contaminated food 
(QShhfood). For PFOS the QSsecpois and QShhfood are set at 33 and 9.1 ng/g 
respectively. The Ecological Quality Standard (EQSbiota) is set as the 
lowest of these QS values (9.1 ng/g).

In the Western Scheldt most of the studied fish had concentrations 
around (goby, pouting) or well above this threshold (whiting, flounder), 
except for herring (Fig. 8). The concentrations in most fish of the 
Wadden Sea were below this threshold, except for one flounder sample 
(1/3).

3.7.2. Internal effect concentrations
Insight in critical tissue concentrations, especially for those PFAS 

components that bioaccumulate, are essential to understand whether 
they pose a risk in wild organisms. Reported effects after PFAS exposure 
include affected liver, kidney and thyroid functioning in humans based 
on metadata epidemiological studies (Cakmak et al., 2022); effects on 
the immune system in mice (DeWitt et al., 2012), humans (Ayuk et al., 
2025), and mussels (Liu and Gin, 2018); and fatty liver disease and 
adverse effects on reproduction in fish (Cheng et al., 2016; Zhang et al., 
2016). Reported effects of PFAS at environmentally relevant concen
trations, however, are scarce (Sinclair et al., 2020). Furthermore, in
formation linking PFAS tissue concentrations in marine biota to 
biological or health effects is limited, especially for invertebrates. 
(Table S15). Despite this, a first comparison was conducted to enable a 
preliminary assessment of potential impacts of PFAS on biota in the 
Western Scheldt estuary based on the available information.

Effects on the immune system of invertebrates have been reported for 
green mussels (Perna viridis), at tissue concentrations of 2–5 ng/g ww 
PFOS (Liu and Gin, 2018). The lower boundary of this effect level is a 
factor ten higher than the PFOS concentrations that were measured in 
the clam of the Western Scheldt (0.2–0.8 ng/g ww). This could indicate a 
potential risk for subtle effects on shellfish in the Western Scheldt, 
warranting further investigations.

Experiments with fish revealed endocrine and growth effects at in
ternal PFOS concentrations of 7700 ng/g ww (Wang et al., 2011), being 
64 times higher than the highest PFOS concentration of 120 ng/g ww 

Fig. 8. PFOS concentrations (ng/g, 26 % dw) in whole fish from the Western 
Scheldt estuary and Wadden Sea, expressed as a standard fish with 26 % dry 
weight, according to the guideline of the European Water Directive Framework. 
The solid horizontal line indicates the EQS-biota of PFOS, based on the QS for 
human health (QSh: 9.1 ng/g).
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that was observed in fish (flounder) from the Western Scheldt. Infor
mation on whether other physiological effects, like immunotoxicity, 
may occur at these concentrations has not been found.

For birds, effects on hatchability have been reported for leghorns 
when eggs were injected with PFOS dosed as high as 1,000,000 ng/g egg 
weight (Molina et al., 2006). Much lower effect concentrations were 
found in a field study with great tits (Parus major) in which reduced shell 
thickness was found at 5111 ng PFOS/g egg weight, and changes in 
blood protein and triglyceride levels at 19 ng PFOS/g egg weight 
(Parolini et al., 2022). In the eggs of the common terns from the Western 
Scheldt, PFOS concentrations between 84 and 190 ng/g ww were 
observed, thus well below the levels where embryo mortality could be 
expected. However, assuming a similar sensitivity as in the great tit, 
sublethal effects on blood proteins and triglyceride cannot be excluded, 
pointing at a need for further studies in birds.

For small cetaceans, first estimated tentative critical concentrations 
(TCCs) of 677–775 ng/g ww were established for PFOS, based on rat and 
monkey toxicity data (Lam et al., 2016). Comparison of the liver con
centrations of the porpoises and seals from the Western Scheldt with 
these TCCs, showed that 60 % of the porpoises (6/10) and 60 % of the 
seals (5/8) contained levels above these, pointing at potential adverse 
effects of PFOS.

4. Conclusions

This study further illustrates the biomagnification potential of PFAS 
in estuarine food webs, with both Sum-14PFAS and PFOS concentrations 
being positively and significantly correlated with the trophic level. Both 
stable isotopes and PFAS concentrations showed a spatial gradient in the 
estuary. Furthermore, the contribution of PFOS to the Sum-14PFAS 
pointed at enhanced bioaccumulation of PFOS, with the Sum-14PFAS 
concentrations consisting of >80 % of PFOS in all predator samples. 
PFAS concentrations in the Western Scheldt food web were significantly 
lower in 2023 than in 2006–2008 for most biota. PFAS concentrations 
were significantly higher than the reference location, Wadden Sea, and 
generally high in comparison with other coastal areas worldwide.

To the best of our knowledge, this is the first time that whole-body 
burdens for harbor porpoises and harbor seals were extrapolated from 
liver concentrations, applying estimated extrapolation factors, to allow 
further comparison between trophic levels. Based on this, field-derived 
BMF values for PFOS ranged from 0.1 to 34 in these marine mammals. 
Furthermore, this is the first study to assess the TMF for PFOS in an 
estuarine system that includes top predators (based on whole-body 
burdens), resulting in a TMF of 5.7.

The threshold level of the WFD (EQSbiota) for PFOS was exceeded in 
most of the fish samples from the Western Scheldt. The observed PFOS 
concentrations in clams, terns and marine mammals of the Western 
Scheldt may indicate potential risks of sublethal effects.

All things considered, it is highly recommended to develop more 
knowledge on subtle, physiological effects in a range of marine species 
after (chronic) exposure to PFAS, in studies that include reporting the 
critical body concentrations. This will allow an improved future 
assessment of the impact of PFAS whole-body concentrations in field 
situations (Ankley et al., 2021), which is essential for assessing the ef
fects of PFAS in multi-stress conditions in a changing environment.
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and trophic magnification of emerging and legacy per-and polyfluoroalkyl 
substances (PFAS) in a St. Lawrence River food web. Environ. Pollut. 309, 119739. 
https://doi.org/10.1016/j.envpol.2022.119739.

Nakata, H., Kannan, K., Nasu, T., Cho, H.S., Sinclair, E., Takemura, A., 2006. 
Perfluorinated contaminants in sediments and aquatic organisms collected from 
shallow water and tidal flat areas of the Ariake Sea, Japan: environmental fate of 
perfluorooctane sulfonate in aquatic ecosystems. Environ. Sci. Technol. 40 (16), 
4916–4921. https://doi.org/10.1021/es0603195.

Panieri, E., Baralic, K., Djukic-Cosic, D., Buha Djordjevic, A., Saso, L., 2022. PFAS 
molecules: a major concern for the human health and the environment. Toxics 10 
(2), 44. https://doi.org/10.3390/toxics10020044.

Parolini, M., De Felice, B., Rusconi, M., Morganti, M., Polesello, S., Valsecchi, S., 2022. 
A review of the bioaccumulation and adverse effects of PFAS in free-living organisms 
from contaminated sites nearby fluorochemical production plants. Water Emerg. 
Contam. Nanoplastics 1 (4), 1–13. https://doi.org/10.20517/wecn.2022.15.

Pasquaud, S., Elie, P., Jeantet, C., Billy, I., Martinez, P., Girardin, M., 2008. A preliminary 
investigation of the fish food web in the Gironde estuary, France, using dietary and 
stable isotope analyses. Estuar. Coast. Shelf Sci. 78 (2), 267–279. https://doi.org/ 
10.1016/j.ecss.2007.12.014.

Post, D.M., 2002. Using stable isotopes to estimate trophic position: models, methods, 
and assumptions. Ecology 83, 703–718. https://doi.org/10.1890/0012-9658(2002) 
083[0703:USITET]2.0.CO;2.

R Core Team, 2024. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/. 

Sait, S.T., Rinø, S.F., Gonzalez, S.V., Pastukhov, M.V., Poletaeva, V.I., Farkas, J., 
Jenssen, B.M., Ciesielski, T.M., Asimakopoulos, A.G., 2023. Occurrence and tissue 
distribution of 33 legacy and novel per-and polyfluoroalkyl substances (PFASs) in 
Baikal seals (Phoca sibirica). Sci. Total Environ. 889, 164096. https://doi.org/ 
10.1016/j.scitotenv.2023.164096.

M.J. van den Heuvel-Greve et al.                                                                                                                                                                                                            Marine Pollution Bulletin 224 (2026) 119053 

11 

https://doi.org/10.1016/j.envint.2025.109409
https://doi.org/10.1016/j.envint.2025.109409
https://doi.org/10.1002/ieam.244
https://doi.org/10.1016/j.envpol.2022.119907
https://doi.org/10.1016/j.scitotenv.2022.153900
https://doi.org/10.1016/j.scitotenv.2022.153900
https://doi.org/10.1016/j.aquatox.2016.04.013
https://doi.org/10.1016/j.aquatox.2016.04.013
https://doi.org/10.1002/ieam.216
https://doi.org/10.1002/ieam.216
https://doi.org/10.5281/zenodo.4916011
https://doi.org/10.5281/zenodo.4916011
https://doi.org/10.1016/0045-6535(88)90108-7
https://doi.org/10.1016/0045-6535(88)90108-7
https://doi.org/10.1016/j.chemosphere.2007.08.038
https://doi.org/10.3354/meps147031
https://doi.org/10.1177/0192623311428473
https://doi.org/10.1007/s11356-013-2449-4
http://refhub.elsevier.com/S0025-326X(25)01529-2/rf0085
http://refhub.elsevier.com/S0025-326X(25)01529-2/rf0085
http://refhub.elsevier.com/S0025-326X(25)01529-2/rf0085
https://doi.org/10.1016/j.scitotenv.2023.168438
https://doi.org/10.1016/j.scitotenv.2023.168438
https://doi.org/10.1016/j.scitotenv.2017.10.033
https://doi.org/10.1016/j.scitotenv.2017.10.033
https://doi.org/10.1016/j.marpolbul.2011.04.011
https://doi.org/10.1016/j.marpolbul.2011.04.011
https://doi.org/10.1016/j.scitotenv.2020.143827
https://doi.org/10.1007/978-3-030-88923-4_10
https://doi.org/10.1007/978-3-030-88923-4_10
https://doi.org/10.1002/etc.5620220320
https://doi.org/10.1002/etc.5620220320
https://doi.org/10.1289/ehp.647
https://doi.org/10.1021/es049257d
https://doi.org/10.1016/j.jembe.2016.04.010
https://doi.org/10.1021/es060233b
https://doi.org/10.1016/j.scitotenv.2011.12.050
https://doi.org/10.31219/osf.io/zh4ra
https://doi.org/10.1002/etc.5846
https://doi.org/10.1016/j.scitotenv.2021.151003
https://doi.org/10.1021/es100485e
https://doi.org/10.1021/acs.est.5b06076
https://doi.org/10.1021/acs.est.1c00965
https://doi.org/10.1021/acs.est.1c00965
https://doi.org/10.1002/etc.4060
https://doi.org/10.1017/S0952836902001061
https://doi.org/10.1007/s10750-005-0896-8
https://doi.org/10.1016/j.marchem.2006.02.007
https://doi.org/10.1002/ieam.4579
https://doi.org/10.1002/ieam.4579
https://doi.org/10.1897/04-414R.1
https://doi.org/10.1897/04-414R.1
https://doi.org/10.1034/j.1600-048X.2000.310210.x
https://doi.org/10.1034/j.1600-048X.2000.310210.x
https://doi.org/10.1021/acs.est.7b02399
https://doi.org/10.1016/j.envpol.2022.119739
https://doi.org/10.1021/es0603195
https://doi.org/10.3390/toxics10020044
https://doi.org/10.20517/wecn.2022.15
https://doi.org/10.1016/j.ecss.2007.12.014
https://doi.org/10.1016/j.ecss.2007.12.014
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2023.164096
https://doi.org/10.1016/j.scitotenv.2023.164096


Sedlak, M.D., Benskin, J.P., Wong, A., Grace, R., Greig, D.J., 2017. Per-and 
polyfluoroalkyl substances (PFASs) in San Francisco Bay wildlife: temporal trends, 
exposure pathways, and notable presence of precursor compounds. Chemosphere 
185, 1217–1226. https://doi.org/10.1016/j.chemosphere.2017.04.096.

Sinclair, G.M., Long, S.M., Jones, O.A., 2020. What are the effects of PFAS exposure at 
environmentally relevant concentrations? Chemosphere 258, 127340. https://doi. 
org/10.1016/j.chemosphere.2020.127340.

Sun, J., Xing, L., Chu, J., 2023. Global ocean contamination of per-and polyfluoroalkyl 
substances: a review of seabird exposure. Chemosphere 330, 138721. https://doi. 
org/10.1016/j.chemosphere.2023.138721.

Teunen, L., Bervoets, L., Belpaire, C., De Jonge, M., Groffen, T., 2021. PFAS 
accumulation in indigenous and translocated aquatic organisms from Belgium, with 
translation to human and ecological health risk. Environ. Sci. Eur. 33, 1–19. https:// 
doi.org/10.1186/s12302-021-00477-z.

Teunen, L., De Jonge, M., Malarvannan, G., Covaci, A., Belpaire, C., Focant, J.F., 
Blust, R., Bervoets, L., 2022. The relevance of European Biota Quality Standards on 
the ecological water quality as determined by the multimetric macro-invertebrate 
index: a Flemish case study. Ecotoxicol. Environ. Saf. 231, 113222. https://doi.org/ 
10.1016/j.ecoenv.2022.113222.

Tomy, G.T., Budakowski, W., Halldorson, T., Helm, P.A., Stern, G.A., Friesen, K., 
Pepper, K., Titlemier, S., Fisk, A.T., 2004. Fluorinated organic compounds in an 
eastern Arctic marine food web. Environ. Sci. Technol. 38 (24), 6475–6481. https:// 
doi.org/10.1021/es049620g.

van Ael, E., Covaci, A., Das, K., Lepoint, G., Blust, R., Bervoets, L., 2013. Factors 
influencing the bioaccumulation of persistent organic pollutants in food webs of the 
Scheldt Estuary. Environ. Sci. Technol. 47 (19), 11221–11231. https://doi.org/ 
10.1021/es400307s.

Van de Vijver, K.I., Hoff, P.T., Van Dongen, W., Esmans, E.L., Blust, R., De Coen, W.M., 
2003. Exposure patterns of perfluorooctane sulfonate in aquatic invertebrates from 
the Western Scheldt estuary and the southern North Sea. Environ. Toxicol. Chem. 
Int. J. 22 (9), 2037–2041. https://doi.org/10.1897/02-385.

Van de Vijver, K.I., Hoff, P., Das, K., Brasseur, S., Van Dongen, W., Esmans, E., 
Reijnders, P., Blust, R., De Coen, W., 2005. Tissue distribution of perfluorinated 
chemicals in harbor seals (Phoca vitulina) from the Dutch Wadden Sea. Environ. Sci. 
Technol. 39 (18), 6978–6984. https://doi.org/10.1021/es050942.

Van de Vijver, K.I., Holsbeek, L., Das, K., Blust, R., Joiris, C., De Coen, W., 2007. 
Occurrence of perfluorooctane sulfonate and other perfluorinated alkylated 
substances in harbor porpoises from the Black Sea. Environ. Sci. Technol. 41 (1), 
315–320. https://doi.org/10.1021/es060827e.

van den Heuvel-Greve, M.J., van Leeuwen, S.P.J., Perdon, J., van Zwol, J., Weyhenke, C. 
F., Kwadijk, C.J.A.F., Kotterman, M.J.J., 2022. PFAS in de Westerschelde: meting 
van PFAS in vis, garnaal, schelpdier, zeegroente, water en sediment in het najaar van 
2021 [in Dutch]. Wageningen Marine Research Report C025/22. https://doi.org/ 
10.18174/569437.

Van der Zanden, J.M., Fetzer, W.W., 2007. Global patterns of aquatic food chain length. 
Oikos 116 (8), 1378–1388. https://doi.org/10.1111/j.0030-1299.2007.16036.x.

Van der Zanden, M.J., Rasmussen, J.B., 2001. Variation in δ15N and δ13C trophic 
fractionation: implications for aquatic food web studies. Limnol. Oceanogr. 46 (8), 
2061–2066. https://doi.org/10.4319/lo.2001.46.8.2061.

Wang, M., Chen, J., Lin, K., Chen, Y., Hu, W., Tanguay, R.L.,  Huang, C., Dong, Q., 2011. 
Chronic zebrafish PFOS exposure alters sex ratio and maternal related effects in F1 
offspring. Environ. Toxicol. Chem. 30 (9), 2073–2080. https://doi.org/10.1002/ 
etc.594.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New 
York. 

Yang, J., Miyazaki, N., 2003. Moisture content in Dall’s porpoise (Phocoenoides dalli) 
tissues: a reference base for conversion factors between dry and wet weight trace 
element concentrations in cetaceans. Environ. Pollut. 121 (3), 345–347. https://doi. 
org/10.1016/S0269-7491(02)00239-7.

Zafeiraki, E., Gebbink, W.A., Hoogenboom, R.L., Kotterman, M., Kwadijk, C., 
Dassenakis, E., van Leeuwen, S.P., 2019. Occurrence of perfluoroalkyl substances 
(PFASs) in a large number of wild and farmed aquatic animals collected in the 
Netherlands. Chemosphere 232, 415–423. https://doi.org/10.1016/j. 
chemosphere.2019.05.200.

Zhang, W., Sheng, N., Wang, M., Zhang, H., Dai, J., 2016. Zebrafish reproductive toxicity 
induced by chronic perfluorononanoate exposure. Aquat. Toxicol. 175, 269–276. 
https://doi.org/10.1016/j.aquatox.2016.04.005.

Zwartsen, A., Boon, P.E., 2022. Consumption of products contaminated with PFAS from 
the Western Scheldt [in Dutch]. RIVM report 2022-0020. https://rivm.openreposit 
ory.com/handle/10029/625806.

M.J. van den Heuvel-Greve et al.                                                                                                                                                                                                            Marine Pollution Bulletin 224 (2026) 119053 

12 

https://doi.org/10.1016/j.chemosphere.2017.04.096
https://doi.org/10.1016/j.chemosphere.2020.127340
https://doi.org/10.1016/j.chemosphere.2020.127340
https://doi.org/10.1016/j.chemosphere.2023.138721
https://doi.org/10.1016/j.chemosphere.2023.138721
https://doi.org/10.1186/s12302-021-00477-z
https://doi.org/10.1186/s12302-021-00477-z
https://doi.org/10.1016/j.ecoenv.2022.113222
https://doi.org/10.1016/j.ecoenv.2022.113222
https://doi.org/10.1021/es049620g
https://doi.org/10.1021/es049620g
https://doi.org/10.1021/es400307s
https://doi.org/10.1021/es400307s
https://doi.org/10.1897/02-385
https://doi.org/10.1021/es050942
https://doi.org/10.1021/es060827e
https://doi.org/10.18174/569437
https://doi.org/10.18174/569437
https://doi.org/10.1111/j.0030-1299.2007.16036.x
https://doi.org/10.4319/lo.2001.46.8.2061
https://doi.org/10.1002/etc.594
https://doi.org/10.1002/etc.594
http://refhub.elsevier.com/S0025-326X(25)01529-2/rf0340
http://refhub.elsevier.com/S0025-326X(25)01529-2/rf0340
https://doi.org/10.1016/S0269-7491(02)00239-7
https://doi.org/10.1016/S0269-7491(02)00239-7
https://doi.org/10.1016/j.chemosphere.2019.05.200
https://doi.org/10.1016/j.chemosphere.2019.05.200
https://doi.org/10.1016/j.aquatox.2016.04.005
https://rivm.openrepository.com/handle/10029/625806
https://rivm.openrepository.com/handle/10029/625806

	Exposure and magnification of PFAS in a temperate estuarine food web, including top predators
	1 Introduction
	2 Material & methods
	2.1 Western Scheldt estuary
	2.2 Sampling
	2.3 Common tern
	2.4 Marine mammals
	2.5 Lower trophic levels
	2.6 Chemical analysis
	2.7 Data processing

	3 Results & discussion
	3.1 Food web composition of the Western Scheldt estuary
	3.2 PFAS exposure in biota
	3.3 Western Scheldt comparison: 2006–2008 vs. 2023
	3.4 Comparison with other regions
	3.5 Biomagnification of PFOS
	3.6 Trophic magnification (TMF) of PFOS
	3.7 Potential health implications for biota
	3.7.1 European Water Framework Directive (WFD)
	3.7.2 Internal effect concentrations


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	datalink13
	Acknowledgements
	Appendix A Supplementary data
	References


