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The environmental persistence of Per- and polyfluoroalkyl substances (PFAS) results in prolonged exposure of
organisms, which in turn leads to bioaccumulation and trophic transfer. However, if trophic transfer is studied at
all, different ecosystems are generally examined in isolation. The aim of this study was therefore to unravel the
PFAS transfer through a contaminated terrestrial and aquatic food web, with spiders as top predators. To this
end, organisms from the aquatic and terrestrial compartments of a PFAS-contaminated ecosystem were collected
and screened for 44 PFAS. The trophic position of the organisms was investigated using stable isotopes. PFAS
were present in organisms from all trophic levels (primary producers, herbivores, detritivores, predators), albeit
with varying total concentrations and profiles. Several PFAS magnified towards the spiders through the terres-
trial food web, adding to the growing body of evidence that some PFAS have the potential to magnify, while
trophic transfer was less pronounced through the aquatic food web. There was no consistent pattern in which
substances magnified and which got diluted across the food chain. TFA, the smallest and most polar PFAS,
showed high food chain transfer. This emphasizes that we still lack insight into the drivers of environmental

PFAS distribution, uptake by organisms and transfer through food webs.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a widely used group
of synthetic chemicals, characterized by their great environmental
persistence (Parsons et al., 2008). These properties make them suitable
for numerous industrial and consumer applications, but also render
them problematic environmental contaminants. Their widespread use in
combination with their general high mobility results in the ubiquitous
global detection of PFAS in many environmental compartments (Brunn
et al., 2023; Wang et al., 2025). Once in the environment, their persis-
tency results in prolonged exposure of organisms, which can eventually
lead to bioaccumulation, trophic transfer, and consequent adverse ef-
fects on human and environmental health (Byns et al., 2022; Fiedler
et al., 2019; Guo et al., 2019; Wang et al., 2025). The omnipresence of
PFAS, in combination with their persistency and amphiphilic nature, has
initiated extensive research on their occurrence, distribution,
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bioaccumulation and trophic transfer (Gkika et al., 2023). Yet, these
studies still cover only a small fraction of the over 4,700 Chemical Ab-
stracts Service (CAS)-registered PFAS that have been identified on the
global market (OECD, 2018) and also cover only a limited number of
organisms and ecosystems (Brunn et al., 2023; Gkika et al., 2025; Lewis
et al., 2022; Wang et al., 2025). Nonetheless, the limited available in-
formation so far already shows varying PFAS bioaccumulation and
trophic transfer between different ecosystems (Dai et al., 2025; Huang
et al., 2022; van den Brink et al., 2016).

The complex and constant interplay between terrestrial and aquatic
ecosystems and the potential transfer of PFAS from aquatic to terrestrial
biota (Daley et al., 2011; Koch et al., 2020; Yu et al., 2013) highlight the
need to study the fate of these contaminants in different ecosystems with
an integrated holistic approach. Yet, if trophic transfer is studied at all,
the different ecosystems are still examined in isolation, albeit the
number of studies employing an integrated approach is increasing
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(Daley et al., 2011; Endicott et al., 2025; Gkika et al., 2025; Hopkins
et al., 2023; Ibor et al., 2025; Koch et al., 2020; 2021). Here, we argue
that riparian spiders offer the unique possibility to integrate the fate of
PFAS in the aquatic and terrestrial environment, since they are among
the few primarily terrestrial invertebrate predators that incorporate
aquatic resources into their diets, thereby linking aquatic and terrestrial
food webs (Fiolka et al., 2024, 2025; Middendorf et al., 2025; Paetzold
et al., 2006).

The aim of this study was therefore to unravel the PFAS transfer
through the terrestrial and aquatic food web in a contaminated
ecosystem, ending up in riparian spiders. To this end, the structure of the
integrated terrestrial-aquatic food web was unraveled using stable iso-
topes assessing the trophic position of each organism. Sampled organ-
isms were grouped according to their trophic position into primary
producers, consumers (including herbivores and detritivores), and ri-
parian spiders as top predators. The concentrations and profiles of 44
PFAS were determined in all individual organisms. PFAS trophic trans-
fer, expressed as either trophic magnification or trophic dilution factors,
was examined by first excluding and then including the spiders as part of
the food web. By doing so, the PFAS fluxes through the terrestrial and
aquatic food web could initially be examined separately, while by
adding the spiders the effect of a predator that feeds on both terrestrial
and aquatic resources on the trophic transfer of PFAS was assessed.

2. Materials and methods
2.1. Field sampling

For a detailed description of the study area and sampling sites, we
refer to Gkika et al. (2025), since the same samples were analyzed and
exactly the same setup as for the current study was used. Briefly, the
most common organisms from the terrestrial and aquatic ecosystem
were sampled at five sites, between 200 and 300 m apart, along the
western bank of Lake Blokkersdijk (Site 1; 51°13'46.2'N 4°20'29.6'E.
Site 2; 51°13'56.0'N 4°20'28.9"E, Site 3; 51°14'05.4'N 4°20'40.1"E, Site
4;51°14'09.3"N 4°20'43.0"E, Site 5; 51°14'09.9'N 4°20'51.8"E), nearby a
fluorochemical plant close to Antwerp (Belgium). Sampling included
primary producers, herbivores, detritivores and predators, all identified
to the lowest possible taxonomic level.

For terrestrial primary producers, twigs with leaves were hand-
picked from four plant species (Rubus plicatus, Urtica dioica, Crataegus
monogyna and Alnus glutinosa). Upon collection, plant samples were
rinsed with ambient water to remove any particles. Terrestrial in-
vertebrates were manually collected from the soil surface and the sur-
rounding vegetation and included the Gastropoda Arion rufus and
Cepaea spp. (including both Cepaea nemoralis and Cepaea hortensis),
Oligochaeta/Lumbricidae, the diplopod (Julidae) Schizophyllum sabu-
losum, and Isopoda/Oniscidea. Aquatic primary producers included
phytoplankton (size class 41-335 um; collected by filtering water
through a 335 and 41 pm mesh plankton net, subsequently), periphyton
scraped from reed stems, and whole plants of three submerged (Pota-
mogeton crispus, Elodea canadensis, Chara vulgaris), one floating (Lemna
minor), and young shoots (50 cm) of one emergent (Phragmites australis)
macrophyte species. Upon collection, the macrophyte samples were
rinsed with ambient water to remove any debris. Zooplankton was
collected by filtering water through a 335 pm mesh plankton net and
consisted almost exclusively of Daphnia magna. Aquatic macro-
invertebrates were collected by sweeping a 0.5-mm mesh net through
the aquatic vegetation as well as on top of the sediment layers and
included Corixa spp. and Lumbricus tubifex and three taxa of (epi)benthic
insect larvae (Chironomus riparius, Cloeon dipterum, Mystacides long-
icornis). Riparian spiders were collected from the littoral vegetation
(mainly P. australis) and included two web building species (Araneus
diadematus, Tetragnatha sp.) and two surface hunters (Clubiona sp.,
Lycosidae). For all taxa multiple samples were collected, except for
Lycosidae and M. longicornis which were single replicates (details on the
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replication of field samples included in the Supporting Information
Section S1, Table S1).

2.2. Construction of the terrestrial-aquatic food web by stable isotope
analysis

In this study we focused on the basal levels of the food web and the
selected taxa represent the main groups relevant for both the aquatic
and the terrestrial ecosystem, including primary producers, herbivores
and detritivores, both reliant on primary producers. The spiders were
selected as the predators that link these basal levels of the aquatic and
terrestrial food web. To construct the basal food web and assign a tro-
phic position to each organism, stable isotope analysis was performed.
Prior to the analysis all samples were freeze dried. Pooled C. nemoralis/
C. hortensis samples were acidified with sufficient HCI (3 mM) to remove
any inorganic carbon and subsequently freeze-dried again. Samples
were homogenized using a mortar and pestle or an herb grinder mill for
the reed P. australis. When there was enough dry weight of the sampled
organisms to allow for technical replicates, triplicate samples per taxon
(2-7 mg of dry material) were weighed in tin capsules. Otherwise, one
sample per taxon was analyzed. Total C, total N, §'3C and §'°N were
measured using a Vario Isotope cube, Elementar GmbH (Langselbold,
Germany) and sequentially a BioVision isotope ratio mass spectrometer
(Elementar, UK Ltd., Manchester UK). Isotope ratios were defined
following Equation (1), where Rgample is the ratio between the heavy and
light isotopes (*3c/*2C and ®N/'“N) in each sample and Rgtandard is the
same ratio in the reference material (*3C: TAEA-CHg, sucrose and IAEA-
600, caffeine; 15N USGS-25, ammonium sulfate and IAEA-N5, ammo-
nium sulfate). A higher 513C or 8°N value (%o) means that the sample is
more enriched with the heavy isotope, so with either >C or >N (van der
Lee et al., 2021).

Rsample
By = [ ooomele
Rstandard

1>*1,000 1)

The 5'°N values were used as an indication for the trophic position of the
organisms. For all taxa, except for the Lumbricidae, the trophic position
was determined based on the model proposed by Post (2002) (Equation
(2)) for each consumer taxon sample separately (615Nconsumer).

15 15
d Nconsumer -5 Nbase>

An (2)

TP:2+<

Following Borgé et al. (2012) and Post (2002), the 51°N value of primary
consumers, representing trophic position 2, was selected as the baseline
(8"°Npase). For the terrestrial taxa, the 8'°Npyse was the average 515N
value of the Gastropoda. For the aquatic taxa 5!°Npase was the average
51°N value of the microalgae consumers: zooplankton, L. tubifex and
Corixa spp. (most likely the grazer Corixa punctata, the dominant species
in the region). Although we had a limited number of primary consumer
taxa, we decided against using primary producers as baseline since there
is a temporal lag between resource and consumer isotopic signals (Post,
2002). The Ay represents the expected enrichment of §!°N with each
trophic position and was set to 2.55 for both terrestrial and aquatic taxa,
based on the meta-analysis by Matthews and Mazumder (2008). The
trophic positions of all primary producers, except for periphyton, were
set to one, since periphytic biofilms include both autotrophs and het-
erotrophs, and so its overall 3'°N signature is expected to reflect mixed
trophic contributions. For three out of the four riparian spider taxa
(Tetragnatha sp., A. diademantus, Clubiona sp.), their isotopic signatures
fell between those of terrestrial and aquatic resources. The diets of ri-
parian spiders are known to consist of around equal contribution of both
resources (Collier et al., 2002). Since these resources had quite distinct
5'°Npase values, we normalized the trophic position calculations of these
riparian spiders based on the average of both baselines. The trophic
position of Lycosidae was calculated based on only the terrestrial
baseline, because the single sample we had for this taxon had a quite
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distinct isotope signature. For Lumbricidae, trophic position was
calculated according to the regression proposed by Potapov et al. (2019)
(Equation (3)), since both anecic and epigeic earthworm species were
sampled and according to this recent study, earthworms tend to have
different, more variable trophic enrichment factors. Trophic positions
were calculated for each taxon individually as further elaborated in
Section S2 (Text S1).

TP Lumbricidae = 205 + 0.0658*615N 3)

2.3. PFAS extraction and analysis

All organisms were analyzed for 44 PFAS covering a wide range of
structures, including six isomer pairs, (Section S3, Text S2). Individual
branched isomers were not differentiated in the analysis and the term
“branched isomers” refers therefore to the sum of all quantified
branched isomers per compound. PFAS were divided into five sub-
classes: short and long perfluorosulfonic acids (PFSAs), short and long
perfluorocarboxylic acids (PFCAs), and the category “other PFAS and
precursors”. Short-chain PFCAs included compounds with up to six
fluorinated carbons, while short-chain PFSAs included compounds with
up to seven fluorinated carbons (ITRC, 2023). When showing PFAS
profiles, herbivores and detritivores were merged into the group of
consumers and their concentrations were plotted together. The pro-
tocols used for PFAS extraction, analysis and quality assurance/quality
control (QA/QC) assessment have been described previously (Gkika
et al, 2024, 2025; Sadia et al., 2020, 2023). Briefly, solid-liquid
extraction was performed followed by a weak anion exchange solid
phase extraction and a clean-up step. A detailed description of the PFAS
extraction for all matrices, the quantification method, and the quality
assurance/quality control criteria can be found in Gkika et al. (2025),
since results from the same samples were used in the present study.
Some biota samples did not fulfill the QA/QC criteria and were therefore
excluded from further analysis (Section S3, Text S2).

The concentrations of 44 PFAS were measured in the sampled
terrestrial and aquatic organisms. In the aquatic biota, 42 PFAS were
measured since two compounds (PFBS and 7:3 FTCA) did not fulfill the
QA/QC criteria and were therefore excluded from further analysis. Since
all sampling sites belonged to the same lake system and the variation
between the sampling sites was relatively small compared to the PFAS
concentrations measured in the environment (Gkika et al., 2025), the
PFAS concentrations in the organisms from the five sampling sites were
averaged per species for the whole study area. These average concen-
trations were then summed per PFAS subclass to determine the PFAS
profiles in each of the taxa on a dry weight basis (ng/g dw). For species
that were not present at all sampling sites, only the sites where the
species were present were taken into account when calculating the
average for the whole study area (Section S1, Table S1) (Gkika et al.,
2025).

2.4. Trophic magnification factors

To evaluate the trophic transfer of PFAS through both the terrestrial
and aquatic basal food web up to the riparian predatory spiders, a
compound-specific regression analysis between the calculated trophic
positions and the log-transformed PFAS concentrations of all terrestrial
and all aquatic taxa separately was performed, similar to Jones et al.
(2014) for metals. Trophic magnification was examined first by
including only the primary producers, herbivores and detritivores of the
aquatic and terrestrial basal food web separately, excluding the spiders.
Next, trophic magnification was calculated again, now also including
the spiders as predators, catching prey from both terrestrial and aquatic
origin. Lastly, in the presence of spiders, trophic magnification was also
examined by combining terrestrial and aquatic data points. Linear re-
gressions to determine trophic magnification factors (TMFs) and trophic
dilution factors (TDFs) of individual PFAS were performed only when

Environment International 215 (2026) 110439

more than 50% of the included organism data points had concentrations
> LOQ (LOQ criterion). For these PFAS, the values for organisms with
concentrations < LOQ were substituted by 0.5*LOQ (EFSA, 2018; Hel-
sel, 2010; Ricolfi et al., 2025). For statistically significant regressions
(Pearson correlation test; a = 0.05) of the TMF (Equation (4), we
distinguished three types of results based on the slope (b). A slope >
0 indicated trophic magnification and subsequently TMFs were calcu-
lated (Equation (4)). A slope < 0 pointed towards trophic dilution and
subsequently, trophic dilution factors (TDFs) were calculated using the
same equation. Non-significant regressions indicated that neither tro-
phic magnification nor trophic dilution took place. For this analysis
replicates were not averaged, and all individual data points were
considered in the regressions.

TMF or TDF = 10° ()]

To evaluate how different approaches of dealing with censored (<LOQ)
data would affect the calculated TMFs/TDFs we performed a sensitivity
analysis. For each of the five examined scenarios (terrestrial without
spiders; terrestrial with spiders; aquatic without spiders; aquatic with
spiders; terrestrial-aquatic with spiders) the compound(s) with the most
data points < LOQ were selected, as the most sensitive, and the < LOQ
data were substituted with 1*LOQ.

3. Results
3.1. Aquatic-terrestrial food web structure

The food web structure of the joint terrestrial and aquatic ecosystem
of Lake Blokkersdijk was evaluated using 5'C and 8'°N stable isotope
signatures (Fig. 1; Section S4, Table S2). In general, the aquatic primary
producers had higher s13¢ (4 SEM (Standard Error of the Mean)) values
compared to the terrestrial ones, except for Lemna minor, which had
among the lowest 5'3C signatures. The '3C values of terrestrial primary
producers ranged from —31.8 + 0.43%o (Urtica dioica) to —28.7 +
0.47%o (Alnus glutinosa), while those of aquatic primary producers,
excluding L. minor, ranged from —20.7%o (Chara vulgaris; n = 1) to —20.0
+ 0.52%0 (Potamogeton crispus). Also, most of the terrestrial herbivores
and detritivores showed more negative 5'3C values compared to the
aquatic ones. Of the two terrestrial herbivores, Arion rufus had the
lowest 8'3C value (—28.1 4+ 0.69%o) and (pooled) Cepaea nemoralis and
Cepaea hortensis the highest (—27.5 + 0.04%o), while 513C values of
aquatic herbivores ranged from —21.8 + 1.8%o (Corixa spp.) to —18.4 +
0.56%o0 (Lumbriculus tubifex). The three terrestrial detritivores had
similar 8'3C values, ranging from —27.7 + 0.41%o (Lumbricidae) to
—25.4 £ 0.30%0 (Schizophyllum sabulosum), while for aquatic detri-
tivores they ranged from —26.4 £+ 0.92%o (Cloeon dipterum) to —21.3%o
(Mystacides longicornis; n = 1). All predatory spiders had §'3C values
similar to the aquatic organisms, ranging from —23.2 + 1.0%o (Clubiona
sp.) to —22.0 + 1.5%c (Tetragnatha sp.), except for Lycosidae which
appeared more depleted (—26.6%o; n = 1), with a value closer to that of
the terrestrial organisms.

Average isotopic 8'°N signatures of terrestrial herbivores and detri-
tivores (range —1.92 to 14.6%q) were generally lower than those of the
aquatic ones (range 6.99 to 12.9%o). After calculating the trophic posi-
tion of both food webs separately based on the base 5'°N signatures of
the main herbivores in each system, the trophic position (+ SEM) of the
consumers showed similar ranges between the two parts of the food
web. For the herbivores, the trophic position ranged from 1.4 + 0.08
(A. rufus) to 2.6 + 0.01 (pooled C. nemoralis and C. hortensis) for the
terrestrial and from 1.5 + 0.13 (Corixa spp.) to 2.4 + 0.02 (zooplankton)
for the aquatic organisms. The trophic position of the detritivores was
also similar, except for the millipede S. sabulosum, which had the lowest
trophic position of 1.1 + 0.003. Trophic position values of the other two
terrestrial detritivores were 2.7 4+ 0.08 (Lumbricidae) and 2.9 + 0.2
(Oniscidea), while for the aquatic detritivores they ranged from 2.6 +
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Fig. 1. Structure of the terrestrial and aquatic food web of the Lake Blokkersdijk ecosystem. Data points show average Trophic Position (TP) and 8'3C values and
error bars represent the corresponding Standard Error of the Mean (SEM) for organisms from the five different sample sites in the area. TPs were calculated using the
515N stable isotope signatures, as explained in section 2.2. The different colors of the data points correspond to the different trophic categories of the organisms,
including: primary producers (green), herbivores (light peach), detritivores (orange) and predatory spiders (purple). The legend on the right indicates the taxon that
corresponds to each icon and the number of field replicates is shown in parenthesis. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

0.05 (Chironomus riparius) to 3.2 (M. longicornis; n = 1). The trophic
position of all spiders, except for Clubiona sp., was higher compared to
all other organisms, extending from 2.8 + 0.03 (Clubiona sp.) to 3.8 +
0.06 (Tetragnatha sp.).

3.2. PFAS profiles in the organisms

The numbers of unique PFAS quantified in each of the five organism
groups ranked from highest to lowest were: 37 (aquatic primary pro-
ducers) > 36 (terrestrial consumers) > 34 (aquatic consumers) > 26
(spiders) > 22 (terrestrial primary producers) (Section S5, Figs. S1-S5;
Table S3). PFAS were then grouped into five subclasses, leading to the
PFAS profiles described below. All PFAS concentrations were reported
on a dry weight basis (ng/g dw), while the concentrations and profiles of
PFAS in the abiotic environment were reported by Gkika et al. (2025).

3.2.1. Primary producers

All primary producers contained numerous PFAS, with varying
profiles and individual PFAS concentrations (Fig. 2A-2B). In the terres-
trial primary producers, the number of quantified PFAS ranged from 13
(Crataegus monogyna; 30% of quantified PFAS) to 20 (U. dioica; 46%). All
terrestrial primary producers had very similar PFAS profiles, clearly
dominated by short-chain PFCAs (> 92% in all cases) (Fig. 2A). The
S PFAS concentrations in terrestrial primary producers were within the
same order of magnitude, ranging from 319 (C. monogyna) to 901 ng/g
dw (Rubus plicatus). TFA and PFBA always had the highest concentra-
tions, ranging from 219 (C. monogyna) to 570 ng/g dw (R. plicatus) for
TFA and from 79 (C. monogyna) to 281 ng/g dw (R. plicatus) for PFBA.

In the aquatic primary producers, the number of quantified PFAS
ranged from 12 in the macrophyte Elodea canadensis (29%) to 31 in both

periphyton and phytoplankton (74%). The PFAS profiles were more
variable in the aquatic compared to the terrestrial primary producers
(Fig. 2B). The PFAS profiles of E. canadensis, L. minor and P. crispus were
dominated by long-chain PFSAs (88%, 75% and 57% respectively), with
short-chain PFCAs also contributing considerably to the PFAS load in
P. crispus (37%). In the remaining aquatic primary producers, short-
chain PFCAs accounted for the majority of the total PFAS concentra-
tion (Chara vulgaris: 56%; Phragmites australis: 53%; periphyton: 44%;
phytoplankton: 42%), but still with a considerable contribution of long-
chain PFSAs (range 27% to 37%). A higher number of detected PFAS did
not always translate into a higher Y PFAS concentration. The > PFAS
concentrations varied more than two orders of magnitude between the
different aquatic primary producers, ranging from 59 (P. australis) up to
7,243 ng/g dw (P. crispus). The long-chain PFAS L-PFOS and PFBA were
always among the top three compounds with the highest concentrations,
ranging from 11 (P. australis) to 3,411 ng/g dw (P. crispus) for L-PFOS,
and from 20 (P. australis) to 1,446 ng/g dw (C. vulgaris) for PFBA. The
ultrashort-chain TFA was also among the compounds with the highest
concentrations in some aquatic primary producers, reaching 1,985 ng/g
dw in C. vulgaris.

3.2.2. Consumers

The number of quantified PFAS in the terrestrial consumers ranged
from 12 in the pooled snails C. nemoralis and C. hortensis (27%) to 34 in
the millipede Schizophyllum sabulosum (77%). Short-chain PFCAs was
the most represented subclass in C. nemoralis and C. hortensis (60%),
A. rufus (53%), and Lumbricidae (49%), followed by precursors
(A. rufus; 25%) or long-chain PFCAs, which had a considerable contri-
bution to the total PFAS load, especially in Lumbricidae (45%) (Fig. 3A).
The PFAS profile in the millipede S. sabulosum was dominated by long-
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Fig. 2. Relative PFAS profiles per subclass (dry weight basis) in terrestrial (A) and aquatic (B) primary producers sampled from the Lake Blokkersdijk ecosystem. The
different colors correspond to the five different PFAS subclasses defined in the legend on the right. Above each bar, the number of quantified PFAS (#PFAS) and the

total average PFAS concentration (3 _PFAS; in ng/g dry weight) are indicated.

chain PFSAs (41%), followed by short-chain PFCAs and precursors with
comparable contributions (~20%). The ) PFAS concentrations differed
substantially between the terrestrial consumers and ranged from 306
(pooled C. nemoralis and C. hortensis) to 17,806 ng/g dw (Lumbricidae).
TFA and L-PFOS were the two compounds with the highest concentra-
tions, except in A. rufus, where TFA was followed by L-EtFOSAA. TFA
concentrations ranged from 164 (pooled C. nemoralis and C. hortensis) to
7,898 ng/g dw (Lumbricidae), while L-PFOS concentrations ranged from
66 (pooled C. nemoralis and C. hortensis) to 5,839 ng/g dw
(Lumbricidae).

The number of quantified PFAS in aquatic consumers ranged from 14
in Mystacides longicornis (33%) to 33 in Corixa spp. (79%). PFAS profiles
were quite consistent between these taxa, with long-chain PFSAs making
up more than 75% in all cases, except for M. longicornis (56%), followed

by precursors, a subclass that had a considerable contribution to the
total PFAS load in M. longicornis (36%) (Fig. 3B). Despite the rather
homogenous profiles, > PFAS concentrations varied over an order of
magnitude between the aquatic consumers, ranging from 941
(M. longicornis) to 23,951 ng/g dw (mayfly C. dipterum). L- and Br-PFOS
together with some sulfonamide-based precursors (FBSA, FOSA, or L-
EtFOSAA) were among the compounds with the highest concentrations
in all aquatic consumers, except for C. riparius, where instead of Br-
PFOS, PFBA dominated (102 ng/g dw). Concentrations of L- and Br-
PFOS ranged from 310 (M. longicornis) to 7,696 ng/g dw in
C. dipterum and from 148 in M. longicornis to 5,634 ng/g dw in
C. dipterum.
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Fig. 3. Relative PFAS profiles per subclass (dry weight basis) in terrestrial (A) and aquatic (B) consumers (herbivores + detritivores) sampled from the Lake
Blokkersdijk ecosystem. The different colors correspond to the five different PFAS subclasses defined in the legend on the right. Above each bar the number of
quantified PFAS (#PFAS) and the total average PFAS concentration (}_PFAS; in ng/g dry weight) are indicated.

3.2.3. Spiders

In the predatory spiders the number of quantified PFAS ranged from
15 in Clubiona sp. (34%) to 22 in Araneus diademantus (50%). In all cases,
profiles were dominated by short-chain PFCAs, reaching up to more than
80% in three out of the four spider taxa (Fig. 4). In Lycosidae, long-chain
PFSAs contributed considerably to the PFAS load (32%), while the
subclass of long-chain PFCAs was only present in the Clubiona sp.. The
>"PFAS concentrations ranged from 2,177 (A. diademantus) up to
18,272 ng/g dw (Lycosidae). TFA and L-PFOS showed the highest con-
centrations in all individual spider taxa, ranging from 1,810 to 14,453
ng/g dw for TFA and from 92 to 10,170 ng/g dw for L-PFOS.

3.3. Trophic magnification

All significant regressions for the two parts of the ecosystem in the

absence and presence of the spiders and the combined terrestrial-aquatic
ecosystem in the presence of spiders can be found in the SI (Section S6,
Figs. S6-5S8). Concerning the food web without the spiders, 16 and 20
PFAS met the LOQ criterion, but only four and two PFAS fulfilled the
significance criterion, for the terrestrial and aquatic food web, respec-
tively. When examining the complete food web, including the spiders,
14 and 20 PFAS fulfilled the LOQ criterion, while nine and three met the
significance criterion for the terrestrial and aquatic food web, respec-
tively. When examining the combined terrestrial-aquatic food web in the
presence of spiders, 11 PFAS fulfilled the LOQ criterion, while six of
them met the significance criterion (Fig. 5; Table 1). Statistical param-
eters for all regression models can be found in the SI (Figs. S6-8;
Table S4). Results from the sensitivity analysis showed that substitution
by either 0.5*LOQ or 1*LOQ had generally < 10% impact on the esti-
mated TMF/TDF, with only two exceptions (38% difference for PFPrA;
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terrestrial without spiders, and —17% for FHxSA; aquatic without spi-
ders) (Text S3, Table S5).

For the terrestrial food web in both scenarios, all PFAS with signif-
icant results showed trophic magnification, except for PFPrA in the
absence of spiders that showed trophic dilution (TDF: 0.21). For the
aquatic food web there were only five significant regressions, with all
but one (PFPrA in the presence of spiders; TDF: 0.28) indicating trophic
magnification. Moreover, little overlap was observed between the PFAS
that magnified across the terrestrial and aquatic food webs, with only
TFA and L-MeFOSAA showing consistent trophic magnification in both
food webs in the presence of spiders with TMFs of 2.46 and 6.93 for TFA
and 3.37 and 2.11 for L-MeFOSAA, for the terrestrial and aquatic
ecosystem, respectively. Long-chain PFSAs and sulfonamide-based pre-
cursors, which were the subclasses with the highest TMFs in the
terrestrial food web, showed no significant magnification in most cases
in the aquatic food web. Nonetheless, results were consistent for indi-
vidual compounds, meaning that PFAS that were magnifying in the
terrestrial food web were not found to dilute in the aquatic food web and

vice versa.

When including the spiders, more PFAS exhibited significant trophic
magnification, but with lower TMF values. The highest TMFs were found
in the terrestrial food web excluding the spiders for L-PFOS (11.1), Br-
PFOS (6.27) and FBSA (5.35). The lowest TMFs were found, for PFPeA
(1.74), Br-PFHxS (2.04) in the terrestrial food web including the spiders
and for L-MeFOSAA (2.11) in the aquatic food web including the spiders,
which all belong to different PFAS subclasses. The only compound that
exhibited trophic dilution was PFPrA (TDF: 0.21 in the terrestrial food
web in the absence of spiders; TDF: 0.28 in the aquatic food web in the
presence of spiders). The combined regressions in the presence of spiders
revealed six PFAS with significant trophic magnification. For the com-
bined regressions the lowest TMFs were found for FBSA (2.13) and Br-
PFOS (2.15) and the highest for TFA (3.16), followed by L-PFOS
(2.50). These six PFAS were also found to magnify across the terrestrial
food web in the presence of spiders, with slightly higher TMFs, while
two out of these six compounds, TFA and L-MeFOSAA, also magnified
across the terrestrial food web in the presence of spiders. Hence, these
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Table 1

The trophic magnification (TMF; green) and trophic dilution factors (TDF; peach) expressed as 10 to the power of the slope of the log-transformed regression of PFAS
concentration against trophic position, determined for different PFAS in the terrestrial (TER) and aquatic (AQ) food webs of the Lake Blokkersdijk ecosystem in two
trophic transfer scenarios (absence and presence of spiders) and in the combined terrestrial-aquatic food web in the presence of spiders. Only PFAS that had more than
50% of data points above the LOQ in at least one of the five examined scenarios (terrestrial without spiders; terrestrial with spiders; aquatic without spiders; aquatic
with spiders; terrestrial-aquatic with spiders) are shown. N.S. indicates that there was no significant relationship between PFAS concentration and trophic level.
Hatched cells indicate that the 50% > LOQ criterion was not met. PFAS were grouped into four subclasses (PFCAs, PFSAs, sulfonamides and sulfonamidoacetic acids)
and within each subclass ordered according to chain length from shortest to longest. The total number of carbons, number of fluorinated carbons and functional groups
are indicated in columns two to four. The total number of PFAS with positive (trophic magnification), negative (trophic dilution) and non-significant values are
summarized at the bottom of the table.

PFAS list # C total # C-F PFAS Functional groups TER Absence TER AQ AQ TER-AQ Presence
Presence Absence Presence

PFBS 4 4 SO3H N.S. N.S.
PFPeS 5 5 SO3H N.S. N.S. N.S.
L-PFHxS 6 6 SO3H N.S. N.S.
Br-PFHxS 6 6 SO3H N.S. 2.04 N.S. N.S. N.S.
6:2FTS 8 6 SO3H N.S.
L-PFHpS 7 7 SO3H N.S. N.S.
L-PFOS 8 8 SO3H 11.13 3.80 N.S. N.S. 2.50
Br-PFOS 8 8 SO3H 6.27 3.62 N.S. 2.15
PFECHS 8 8 SO3H; Cyclic N.S.
PFDS 10 10 SO3H N.S. N.S.
TFA 2 1 COOH N.S. 2.46 N.S. 6.93 3.16
PFPrA 3 2 COOH 0.21 N.S. 0.28
PFBA 4 3 COOH N.S. N.S. N.S. N.S. N.S.
PFPeA 5 4 COOH N.S. 1.74 N.S. N.S. N.S.
PFHxA 6 5 COOH N.S. N.S.
PFHpA 7 6 COOH N.S. N.S. N.S. N.S. N.S.
L-PFOA 8 7 COOH N.S. 2.45 N.S. N.S. N.S.
PFNA 9 8 COOH N.S. N.S.
PFDA 10 9 COOH 2.48 N.S.
FBSA 4 4 0=S=0; NH2 5.35 2.47 N.S. N.S. 2.13
FHxSA 6 6 0=8=0; NH2 3.11 N.S.
FOSA 8 8 0=8=0; NH2 N.S. N.S.
L-MeFOSAA 11 8 0=S=0; N-CH3; COOH N.S. 3.37 N.S. 2.11 2.49
L-EtFOSAA 12 8 0=8=0; N-C2H5; COOH N.S. 3.60 N.S. 2.16
Br-EtFOSAA 12 8 0=8=0; N-C2H5; COOH N.S. N.S.

# TMF 3 9 2 2 6

# TDF 1 0 0 1 0

# N.S. 12 5 18 17 5

two compounds showed trophic magnification in all three spider con-
taining scenarios (terrestrial with spiders; aquatic with spiders;
terrestrial-aquatic with spiders).

4. Discussion
4.1. PFAS profiles in the different trophic groups

Generally, very high total PFAS concentrations were measured in the
organisms living in the studied contaminated ecosystem, with previ-
ously reported high bioaccumulation factors (Gkika et al., 2025). Among
the terrestrial primary producers, despite some variation in the number
of detected PFAS, levels and profiles were very similar, and by far
dominated by short-chain PFCAs. This hints towards a common uptake
mechanism in the plants, mainly via the soil pore water and the subse-
quent aqueous flow through the stems to the leaves (Adu et al., 2023;
Felizeter et al., 2021; Groffen et al., 2023). Since plants were rinsed with
ambient water upon collection, the contribution of particle-sorbed PFAS
to the PFAS load of the plants can be considered negligible. For the
aquatic primary producers, long-chain PFSAs and short-chain PFCAs
were the dominant subclasses. The high variation in the number of
detected PFAS, concentrations and profiles in the aquatic primary pro-
ducers was even more prominent than previously reported (Chu et al.,
2022; Griffin et al., 2023; Huang et al., 2022; Wang et al., 2025). Even in
taxa with similar ) PFAS concentrations, profiles could differ substan-
tially (e.g. Chara vulgaris and Potamogeton crispus; or Elodea canadensis
and periphyton). Moreover, the occurrence of a higher number of PFAS
did not always translate into higher PFAS concentrations (e.g. Phragmites
australis and E. canadensis). All primary producer groups containing

algae (C. vulgaris, phytoplankton and periphyton) had a larger share of
short PFSAs compared to vascular aquatic plants. The deviating PFAS
profile in the floating Lemna minor may be due to its position at the
water-air interface. Although PFAS uptake from the sediment by the
rooting macrophytes may explain the quite distinct profiles between
pelagic and benthic primary producer taxa, the large variation in both
>"PFAS concentration and profiles among the sediment rooting taxa
(P. australis, E. canadensis, P. crispus, and C. vulgaris) indicates a much
more complex interplay of uptake mechanisms compared to terrestrial
plants (Colomer-Vidal et al., 2022; Gkika et al., 2025).

Among the terrestrial consumers, the numbers of detected PFAS,
levels and profiles were quite different. This aligns with earlier findings
from terrestrial field studies, where species-specific differences in PFAS
concentrations and bioaccumulation were found (Buytaert et al., 2025;
Groffen et al., 2023; Hopkins et al., 2023; Koch et al., 2020). In our case,
and despite including a gut depuration step, the Lumbricidae had by far
the highest ) PFAS concentrations of all terrestrial consumers, which
aligns with previously reported observations (Buytaert et al., 2025; Ibor
et al., 2025). This could relate to the extensive dermal contact of this
organism with the soil. In general, higher variation was expected for
animals compared to primary producers, as they can move and adjust
their diets according to the availability of resources (Szatkiewicz et al.,
2022). Although clearly visible in the terrestrial ecosystem, this
pattern was less clear in the aquatic ecosystem. In aquatic consumers,
the PFAS profiles were quite consistent, but the number of detected
PFAS and the total PFAS concentrations were not. The nymphs of Cloeon
dipterum had by far the highest > PFAS concentration, which could
relate to high exposure and uptake of PFAS through their extensive
exterior gills. An additional explanation may be their distinct diet
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compared to the other aquatic organisms, as shown by their different
513C signature compared to the other aquatic invertebrates. The Tri-
choptera Mystacides longicornis (n = 1) had the lowest Y PFAS concen-
tration compared to all other consumers. Since this is a case-building
species (Morse 2009), uptake of PFAS from the water could be limited
compared to other aquatic invertebrates resulting in its lower PFAS
concentrations (Higler 2008). Nonetheless, since only a single field
replicate of M. longicornis was collected, results for this organism should
be interpreted with some caution. Besides varying exposure to the
different environmental compartments, the differences in the number of
detected PFAS, levels and profiles observed between terrestrial and
aquatic consumers could also relate to their body composition, as well as
to their species-specific feeding strategies, which in turn may depend on
their taxonomy and life-stage.

The riparian spiders contained overall higher > PFAS concentrations
compared to the consumers, with only the > PFAS concentrations in
C. dipterum and Lumbricidae exceeding that of some individual spider
taxa. This is in contrast to patterns observed for riparian spiders along a
stream, containing ) PFAS concentrations that were around 75% of
those in aquatic invertebrate consumers (Campbell et al., 2026). PFAS
profiles were rather consistent among the different spider taxa, how-
ever, this was not the case for the > PFAS concentrations and the
number of detected PFAS. Both surface hunter taxa (Clubiona sp. and
Lycosidae) had much higher ) PFAS concentrations than the web
building spiders, while in the latter a higher number of PFAS were
quantified. Since the collected spiders had comparable body sizes, these
observed differences are expected to result from differences in exposure,
activity, and food intake. The most obvious difference is that web
building spiders are exposed via air and food and the hunting spiders
also to the PFAS in the soil (Buytaert et al., 2025). Moreover, the larger
food requirement of hunting spiders due to their higher energy turnover
compared to web building spiders (Schmitz 2016), could have resulted
in higher >"PFAS concentrations. Additionally, the observed difference
in PFAS profiles between the spiders could also relate to taxon-specific
differences in diet reliance on emergent aquatic insects (Chumchal
et al., 2022). The & 13C signatures of the Lycosidae were lower than
those of the other spiders, indicating a higher reliance on terrestrial food
sources. The & 13C signatures of Clubiona sp. and the web-building spi-
ders overlapped, indicating a similar reliance on terrestrial and aquatic
food sources.

4.2. Trophic transfer of PFAS

Examining the trophic transfer of PFAS at the base of the food web, i.
e. plants and primary consumers only, revealed that a higher trophic
position did not always translate into higher concentrations of individ-
ual PFAS. Some compounds did show statistically significant trophic
magnification, with high TMFs especially in the terrestrial food web,
highlighting that some bioaccumulative PFAS also have the potential to
magnify across the food chain. To examine this in more detail, we
evaluated for which of the six PFAS with significant trophic transfer in
the combined terrestrial-aquatic regressions this was also the case in
either the terrestrial or the aquatic food web in the presence of the
spiders. This comparison revealed that for two out of the six PFAS, L-
MeFOSAA and TFA, trophic magnification took place in all three sce-
narios. For the other four compounds, no significant trophic magnifi-
cation was observed when examining the aquatic food web. Similarly to
previous studies reporting TMFs (e.g. Li et al., 2026; Shaffer et al.,
2025), we were not able to identify a common characteristic shared by
the compounds with significant positive, significant negative or non-
significant regressions between PFAS concentrations and trophic posi-
tions. The only exception was the terrestrial ecosystem in the absence of
spiders, the scenario with most data points, where the membrane-to-
water (Knw) partition coefficient appeared to explain more than 80%
of the variation in TMF (Fig. S9). These findings confirm the distinct,
compound-specific PFAS trophic transfer trends, as reported by Ricolfi
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et al. (2025).

Distinguishing between environmental and dietary exposure was not
possible with the current study design. Especially if the environment
already contains high concentrations of PFAS, which was the case for
some compounds here, it is even harder to distinguish between different
exposure routes. Previous studies suggested that for higher trophic levels
dietary uptake seems to play a bigger role than environmental assimi-
lation (Arnot and Gobas, 2006; Chumchal et al., 2022; Koch et al., 2020;
Mackay et al., 2016; Politi et al., 2021; Rosenberg and Ramus, 1984).
However, for the lower trophic levels this perspective is different.
Environmental exposure is expected to play a substantial role for these
organisms (Campbell et al., 2026), due to their high surface area-to-
volume ratio, high skin permeability and the short diffusion distances
that contaminants need to cross. This argument is supported by a recent
study, where partitioning resulted in the greatest PFAS enrichment for
aquatic organisms (Campbell et al., 2026). The high bioaccumulation of
PFAS in primary producers and primary consumers (Gkika et al., 2025),
together with the limited trophic transfer along the basal levels of the
food web observed in this study, emphasize this different perspective for
lower trophic levels. The high variation of the individual PFAS con-
centrations in primary producers, all sharing the same trophic position,
could have played a role in rendering the TMF estimations of many
compounds not significant. Hence, the PFAS incorporation at the base of
(aquatic) food webs requires further elucidation.

When introducing the spiders as joint predators in the combined
terrestrial-aquatic food web, the trophic transfer patterns changed
substantially. More PFAS exhibited significant trophic magnification in
the terrestrial food web compared to the scenario without spiders, but
the obtained TMF values were lower. Adding the spiders to the aquatic
food web resulted in different compounds showing significant trophic
transfer, but overall, there were only few significant regressions for the
aquatic food web with or without the spiders. A possible reason for these
observations could relate to the way spiders consume their prey, which
is first pierced or crushed using their fangs and maxillae and digested
externally to a liquid form, which is then sucked, discarding the hard
parts (Foelix, 1996; Forster & Forster, 1999; Nyffeler et al., 1994).
Hence, some PFAS could remain in the parts of the prey that are not
consumed. The lack of significant trophic transfer may also be due to the
emergent insects that comprise a considerable part of the diet of spiders
(Burdon & Harding, 2008; Collier et al., 2002; Paetzold et al., 2006).
PFAS concentrations tend to differ between the larvae and nymphs
living in the water and the emerged adult insects. Adults may leave part
of the contaminants behind in the pupal or nymphal skin (Koch et al.,
2020; 2021), while for some PFAS bioamplification in adults was
observed (Kotalik et al., 2025). Furthermore, the PFAS load in aquatic
organisms was much higher compared to that in terrestrial organisms.
Although the exact diet composition of the spiders could not be deter-
mined, all spider taxa were collected from the riparian zone, which
implies that they consume both aquatic and terrestrial resources
(Bollinger et al., 2023; Krell et al., 2015). Based on the isotopic signature
of three spider taxa compared to these resources, we expected about
equal contributions, as shown for both web building and surface hunting
riparian spiders (Collier et al., 2002).

TFA concentrations were highest in the spiders, in which it
contributed more than 80% to the total concentration in three out of the
four taxa (Tetragnatha sp., A. diademantus, Clubiona sp.) and 56% in
Lycosidae, although for the latter taxa this is based on a single field
replicate. Moreover, TFA was the only short-chain compound that
showed trophic transfer in both food webs in the presence of spiders,
accompanied by a very high TMF in the aquatic food web. Short-chain
PFAAs are commonly found in low trophic positioned organisms
(Simmonet-Laprade et al., 2019; Du et al. 2021) and our study focused
on the basal levels of the food web (i.e. no vertebrates included). Still,
our results contradict the common opinion that the small, mobile and
polar TFA is unlikely to bioaccumulate or magnify in biota (Hanson
et al., 2024; Herzke et al., 2023).
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The observed elevated absolute concentrations and TMFs of TFA at
lower trophic levels are likely a result from synergy of (non-classical)
magnification mechanisms. These processes may include non-specific
protein binding, especially relevant in organisms with low adipose tis-
sue like spiders, in combination with electrostatic interactions, partic-
ularly important for small PFAS (Bangma et al., 2023; Birchfield et al.,
2025). Taking up the prey fluids in liquid form may also have contrib-
uted to the TFA-dominated PFAS profile in the spiders, as the polar TFA
presumably accumulates in the tissue fluids of organisms, making it
mobile between different parts of organisms (e.g. transpiration pathway
in plants). Spiders seem to be selectively exposed to the dissolved, mo-
bile PFAS fraction via fluid feeding (e.g. Nyffeler et al., 1994), while
simultaneously eliminating or not accumulating other PFAS as effi-
ciently, resulting in an apparent dominance of TFA. Our approach did
not determine individual predator—prey enrichment, but system-wide
trophic trends, which may mask selective processes. The unexpectedly
high bioaccumulation of TFA indicates that better insights into mecha-
nistic processes of resource acquisition by invertebrates are needed to
understand trophic transfer of (ultra) short-chain PFAS.

We acknowledge that the TMFs calculated here for TFA may be
overestimating the trophic transfer of this compound, since more pro-
cesses may contribute to its high concentrations in the spiders. The
experimental design, however, did not allow us to distinguish if the TFA
in the spiders and the other biota resulted from the (bio)transformation
of other PFAS or originated from dietary or environmental exposure.
Nonetheless, the latter was expected to be limited for the spiders and the
TFA concentrations in the environment were not substantially higher
than those of the other PFAS. Moreover, given the long half-lives and
environmental stability of most PFAS relative to the short life spans of
most invertebrates, biotransformation is not expected to contribute
substantially to the very high TFA concentrations in the spiders. The
significant trophic transfer of the supposedly non-bioaccumulating TFA
in both parts of the food web together with the unpredictability of which
other PFAS do magnify or dilute, show that we still lack the insights into
the exact drivers of PFAS bioaccumulation and trophic transfer (Arp
et al., 2024; Herzke et al., 2023; Li et al., 2026).

Studying the aquatic and terrestrial compartments of contaminated
ecosystems in isolation does not do justice to the life cycle of the many
organisms that inhabit the aquatic environment as larvae or nymphs and
the terrestrial environment as flying adults (Kraus et al., 2023), which is
characteristic for a wide range of aquatic insect orders. Our findings
further support this, clearly indicating that PFAS bioaccumulation and
trophic transfer were affected in a compartment-specific, rather than a
compound-specific way. The few studies that to the best of our knowl-
edge have jointly examined PFAS trophic transfer in more than one
ecosystem type acknowledge the challenge to understand PFAS expo-
sure routes for the multiple species comprising these food webs
(Campbell et al., 2025; Dai et al., 2025; Hopkins et al., 2023; Ibor et al.,
2025), but also showed the added value of such studies. Hence, the
current combined aquatic-terrestrial study on a variety of organisms and
PFAS proved to be essential to unravel the complex environmental dis-
tribution and trophic transfer of these compounds. It should be noted
though that the predators in the present study were invertebrate spiders
and it is therefore expected that top predators would be even more
impacted by the trophic transfer of PFAS, since adverse effects associ-
ated with PFAS exposure have been reported in terrestrial (Custer 2021;
Sebastiano et al., 2023) and aquatic vertebrates (Ma et al., 2023).

5. Conclusions

The present study revealed the omnipresence and variable distribu-
tion of PFAS in terrestrial and aquatic organisms of a contaminated
ecosystem. Some PFAS did transfer along the food chain, and specifically
L-MeFOSAA and TFA showed trophic magnification in the combined
terrestrial and aquatic basal food chains. Nonetheless, the mechanisms
and drivers that determine which substances do show trophic
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magnification and which don’t remain to be elucidated. This study
emphasized the need for integrated terrestrial-aquatic approaches for
PFAS environmental risk assessment.
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