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ABSTRACT: Despite the widespread presence of per- and
polyfluoroalkyl substances (PFAS) in freshwater environments,
only a few studies have addressed their bioaccumulation in
macrophytes and benthic invertebrates. This study therefore aimed
at investigating the presence of 40 PFAS in sediments, assessing
their bioaccumulation in a rooting macrophyte (Myriophyllum
spicatum) and a benthic invertebrate (Lumbriculus variegatus) and
examining the effects of the presence and bioturbation activity of
the invertebrate on PFAS bioaccumulation in the plants. The
macrophytes were exposed to sediments originating from a
reference and a PFAS-contaminated site. The worms were
introduced in half of the replicates, and at the end of the
experiment, PFAS were quantified in all environmental compart-
ments. Numerous targeted PFAS were detected in both sediments and taken up by both organisms, with summed PFAS
concentrations in organisms largely exceeding concentrations in the original sediments. Bioaccumulation differed between organisms
and the two sediments. The presence of the worms significantly reduced the PFAS concentrations in the plant tissues, but for some
compounds, root bioaccumulation increased in the presence of the worms. This effect was most prominent for the degradable PFAS
precursors. It is concluded that organisms affect the environmental fate of PFAS, emphasizing that contaminant−macroinvertebrate
interactions are two-sided.
KEYWORDS: environmental occurrence, environmental fate, plant uptake, macrophyte, oligochaetes, bioaccumulation factors,
field-contaminated sediment

1. INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are man-made
chemicals, designed to be water-, oil-, and stain-repellent, as
well as persistent.1 These properties make PFAS suitable for a
wide range of industrial applications, like surfactants, coatings,
aqueous film-forming foams, as well as consumer products.1

Their persistency, however, is a chemical feature of environ-
mental concern, since it can lead to prolonged exposure,
bioaccumulation, trophic transfer, and consequent adverse
effects on human and environmental health.2,3

Despite these worrisome characteristics, PFAS continue to
be released into the environment on a large scale and have
been detected in numerous abiotic4,5 and biotic6,7 matrices at
considerable concentrations. A substantial number of studies
have documented the occurrence of PFAS in sediments.8,9

However, the uptake of these compounds by aquatic plants
from sediment remains understudied. The great majority of
mechanistic mesocosm studies have focused on agricultural
plants10−16 and soil-plant systems,17,18 since these have a
higher relevance for human health. Based on these studies, root
uptake is considered to be the primary pathway for PFAS to

enter plants.15,19 PFAS can then reach the root vascular
cylinder and from there migrate upward to the shoots.20,21 The
few studies that have investigated PFAS uptake by rooting
macrophytes from sediments have reported a high bioaccu-
mulation potential of PFAS in plants, as well as different
bioaccumulation patterns between roots and shoots, which
were largely affected by the intrinsic properties of the
compounds.22−25 It was also suggested that plant uptake
favors linear PFAS isomers over branched ones.26−28 To
determine how molecular properties affect PFAS uptake in
rooting macrophytes, further research into the interactions
between PFAS-contaminated sediments and aquatic plants is
required, especially for a broader spectrum of PFAS than those
studied so far.29
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Sediment-bound PFAS can also be an important source of
contamination for benthic invertebrates,30−32 which are at the
basis of the aquatic food web. However, there are still only a
few mechanistic studies available on the bioaccumulation of
PFAS from sediments into aquatic or benthic inverte-
brates.31−35 Some studies have indicated the ability of
sediment dwellers to affect the bioavailability of compounds
through bioturbation.36−39 For PFAS, however, such research
remains limited and to the best of our knowledge only one
study has been performed, which suggested that the aquatic
invertebrates Hyalella azteca and Limnodrilus hoffmeisteri
enhanced the release of PFOS from the sediment.40 In
addition to the bioturbation activity of benthic invertebrates,
sediment properties such as organic carbon content may also
affect the sorption capacity and consequently the environ-
mental distribution of PFAS.41 Recent studies on PFAS
adsorption to soil and bioaccumulation by plants suggest that
these processes are concentration-dependent.24,42 This con-
centration-dependent sorption may affect PFAS bioavailability
in sediment−water systems and thereby the distribution of
compounds between sediment, water, and organisms. The
limited information available on the bioaccumulation of PFAS
by rooting macrophytes and benthic invertebrates from
contaminated sediments and on how bioturbation can affect
PFAS uptake kinetics and bioavailability emphasizes the
importance of studying these processes for the wide variety
of PFAS present in the environment.29

The aim of this study was, therefore, to investigate the
effects of the presence of benthic invertebrates and their
bioturbation activity on the bioaccumulation of various PFAS
from field-collected sediments by a rooting macrophyte and
the invertebrates themselves. To this end, we investigated (i)
the presence of different PFAS classes in sediments collected
from both reference and contaminated sites; (ii) the
bioaccumulation of these PFAS by a rooting macrophyte
(Myriophyllum spicatum) and a benthic invertebrate (Lum-
briculus variegatus); and (iii) the impact of the presence of and
bioturbation by the benthic invertebrate on PFAS bioaccumu-
lation and redistribution in a sediment−plant system. Rooting
macrophytes were exposed to sediments collected from the
sites of interest under laboratory conditions. After 28 days of
exposure, sediment-inhabiting worms were introduced into half
of the replicates, and the experiment continued for another 28
days. PFAS concentrations were quantified in all compart-
ments, including sediment, water, roots, shoots (in the
presence and absence of worms), and worms. To the best of
our knowledge, this is the first study to assess the effects of
bioturbation on PFAS bioaccumulation and redistribution in a
sediment−water system using a combination of a rooting
macrophyte and a benthic invertebrate.

2. MATERIALS AND METHODS
2.1. Sediment Sampling and Characterization. Sedi-

ment cores were collected from two lowland lakes (Figure S1).
Details on the exact locations and sampling methods are
described in Section S1 (Text S1). A total of eight cores per
location were used for setting up the mesocosms, and another
four cores per location were used for the sediment character-
ization (Text S2, Tables S1, and S2) and the determination of
the initial PFAS load of the sediment. The sediment analyzed
initially, before the start of the experiment, did not come into
contact with water other than the water that was sampled
together with it in the original sediment core taken from the

field. This original overlaid water was then removed once the
sediments were transferred to shorter cores (Text S1), which
were then directly analyzed for PFAS.
2.2. Test Organisms and Experimental Setup. The

rooting submerged plant Myriophyllum spicatum (Eurasian
watermilfoil or spiked watermilfoil) grows in shallow, stagnant,
or slow-moving water.43 Its wide geographical distribution and
high ecological relevance for freshwater ecosystems have led to
its broad use in environmental research.43 The specimens used
in this experiment were cultured at the University of
Amsterdam in aerated aquaria with artificial sediment (Text
S3) and Dutch Standard Water (DSW; Text S4).

The oligochaete Lumbriculus variegatus (blackworm) is
recommended by the U.S. EPA (2000)44 for assessing
bioaccumulation of contaminants from freshwater sediments.
L. variegatus lives in shallow marshes, ponds, and swamps,
where it feeds on microorganisms and organic material. Worms
were supplied by Romberg Aquariumhuis (NL) in 90 mL
plastic bags filled with water. Prior to the experiment, worms
were cultured in aerated aquaria containing artificial sediment
and DSW.

To establish baseline PFAS concentrations, in addition to
the four sediment cores per sampling site, four replicates of
water, whole plants, and worms were collected separately,
before the start of the experiment and frozen for subsequent
PFAS analysis. At the start of the experiment (2nd March
2022), two M. spicatum shoots (∼7 cm length) were left to
root in each of the eight sediment cores per lake, resulting in a
total of 16 test cores. Each core (6 cm Ø) was immersed into a
4 L high-density polyethylene (HDPE) bottle that was filled
with 3.5 L of DSW until the plants were covered (Figure S2).
The bottles were placed in a climate room (20 °C, light:dark
16:8 h) and continuous aeration using a glass Pasteur pipet was
installed in each bottle.

During the first 28 days of the experiment, the plants were
allowed to grow, after which the bioturbating worms L.
variegatus were introduced into half of the replicates from each
location, and the experiment was run for another 28 days
(Figure S2). It should be noted that the four replicates per site
and per condition were not technical replicates, but rather field
replicates, since each core was individually sampled in the field
and brought into the laboratory intact, transferring local
variability in sediment composition.

To obtain enough biomass for chemical analysis, a higher
worm density than recommended by the OECD guidelines for
bioaccumulation testing with sediment or soil inhabiting
worms45,46 was chosen. To this end, 2.7 and 1.7 g (wet
weight) of L. variegatus were added to the reference and
contaminated sediments, respectively, corresponding to a
density of approximately one worm per gram of dry sediment.

At the end of the 56 day experiment, from each individual
core, the plants were harvested from the sediment and gently
rinsed with Mili-Q water to remove sediment particles. The
shoots were separated from the roots using scissors that were
previously cleaned with methanol, and the dry weights after
freeze-drying of both plant parts were recorded. Worms were
harvested using a plastic Pasteur pipet and left to depurate for
48 h on wet filter paper in a Petri dish. This method of gut
depuration has been described previously and is commonly
used for oligochaetes.45,47,48 Sediment and water were
subsampled, and all samples were stored at −20 °C until
PFAS extraction.
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2.3. PFAS Extraction and Analysis. All matrices were
analyzed for 42 PFAS covering a wide range of structures,
including six isomer pairs (Table S3). Individual branched
isomers were not differentiated in the analysis, and the term
“branched isomers” here refers therefore to the sum of all
detected branched isomers per compound. From each of the
four replicate cores, one water, sediment, root, shoot, and
worm sample was analyzed per location for the initial PFAS
concentrations at the start and at the end of the experiment for
both the plant-only and plant-with-worm treatments. However,
for the contaminated sediment exposures, worms from only
one replicate could be extracted due to sample loss. PFAS
concentrations in sediment and biota were expressed per dry
weight.

The protocols used for PFAS extraction, analysis, and quality
control assessment have been described previously.49,50 Briefly,
for the water samples, a weak anion exchange solid phase
extraction was applied. For the sediment and biota samples,
solid−liquid extraction, followed by a weak anion exchange
solid phase extraction and a cleanup step were performed. A
detailed description of the extraction protocols for all matrices,
the quantification method, and the quality assurance/quality
control criteria can be found in Section S3 (Texts S5, S6, and
Tables S4−S6). It should be noted that sediment concen-
trations here reflect total concentrations, consisting of both
solid-sorbed and porewater-dissolved PFAS.
2.4. Bioaccumulation. The biota to sediment accumu-

lation factor (BSAF) was used to describe the enrichment of
PFAS concentrations in biota from the sediment, while the
bioconcentration factor (BCF) was used to describe the ratio
of PFAS concentrations between biota and water. All BSAFs
and BCFs were calculated separately for each location and for
all replicates (n = 4, unless stated otherwise). The BSAFs were
calculated from eq 1 for the macrophyte roots and the worms,
and the BCFs for the shoots were calculated from eq 2. In
these equations [PFAS]root, [PFAS]worm, and [PFAS]shoot
correspond to the PFAS concentrations in each of these
respective compartments at the end of the experiment and
[PFAS]sediment

t=56 and [PFAS]water
t=56 correspond to the PFAS

concentrations in the sediment and water at the end of the
experiment.
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3. RESULTS
3.1. Sediment Characterization. The two sediments had

comparable nitrogen contents (Table S1) but differed in the
organic carbon content and the concentration of organically
bound phosphorus, with the latter being more than six times
higher in the contaminated sediment compared to the
reference sediment (9.39 and 1.48 mg/kg respectively).
Grain size analysis revealed that the reference sediment mainly
consisted of particles of size classes 125−250 μm and 250−500
μm, with almost equal parts, adding up to ∼87%, while the
contaminated sediment was finer, containing more than 63% of

size class 125−250 μm particles, followed by 32% of size class
63−125 μm particles (Table S2).
3.2. Occurrence of PFAS in Environmental Compart-

ments and Organisms. Data for 40 out of 42 target PFAS
(Text S6) are reported for the collected sediments from the
two locations, the used overlying water source, and both test
organisms. All matrices contained PFAS both at the start and
the end of the experiment, with variable shifts in the PFAS
profiles and the individual PFAS concentrations in all matrices
(Figure 1).

3.2.1. PFAS Concentrations in Sediment and Water. In the
reference field collected sediment, PFAS profiles were
dominated by long-chain perfluorocarboxylic acids (PFCAs),
followed by precursors and long-chain perfluorosulfonic acids
(PFSAs) (Table S7 and Figure 1A). A total of 18 compounds
were detected with a ∑PFAS concentration of 4.06 ng/g dw,
and individual concentrations ranging from 0.023 (Br-PFOA)
to 0.86 ng/g dw (PFTeDA). At the end of the 56 day
experiment in the presence of the macrophytes, the ∑PFAS
decreased to 32% (1.31 ng/g dw) of the initial concentration.
The number of detectable PFAS decreased to eight, with PFAS
profiles now being dominated by precursors (Table S8 and
Figure 1A). The presence of both macrophytes and benthic
invertebrates resulted in an even lower ∑PFAS concentration
(1.03 ng/g dw; 25% of the initial concentration), also
dominated by precursors (Table S9 and Figure 1A).

The contaminated sediment contained 10 times more PFAS
than the reference sediment (∑PFAS = 40.9 ng/g dw). More
substances were detected (24 versus 18) in higher individual
concentrations (up to 9.23 ng/g dw for L-PFHpS) and with a
different composition, since the profile was dominated by long-
chain PFSAs, followed by precursors and short-chain PFCAs
(Table S7 and Figure 1B). The ∑PFAS concentrations
decreased to 60% of the initial concentration (∑PFAS 24.8
ng/g of dw) in the presence of the plants and to 40% of the
initial concentration (16.3 ng/g of dw) when both organisms
were present (Tables S8 and S9). The PFAS profiles remained
similar in the contaminated sediment (Figure 1B), in contrast
to those in the reference sediment.

At the start of the experiment, four PFAS (∑PFAS
concentration 3.66 ng/L) were detected in the DSW that
was added on top of the sediments (Table S7 and Figure 1C).
Upon contact with the sediment from the reference location in
the presence of the plants, the number of compounds
increased to 12, and the ∑PFAS was more than six times
higher (21.0 ng/L) than at the start of the experiment (3.66
ng/L), while the profile became more varied, including short-
and long-chain PFCAs, followed by long-chain PFSAs. The
joint presence of macrophytes and worms resulted in a lower
increase in ∑PFAS (10.3 ng/L) in the overlying water, with a
comparable number of compounds (10) and a slightly changed
profile, dominated by short-chain PFCAs and with less
precursors and PFSAs compared to the macrophyte-only
treatment (Tables S8, S9, and Figure 1C).

In the replicates containing the PFAS-contaminated sedi-
ment, the ∑PFAS concentration in the water increased more
than 100 times after 56 days, both in the presence of plants and
in the presence of both organisms (392 and 382 ng/L,
respectively). Over this period, the number of compounds in
the water increased from four to 25 and 27, respectively
(Tables S8, S9, and Figure 1D). The PFAS profiles were
similar in both treatments at the end of the experiment,
consisting mostly of long-chain PFSAs and short-chain PFCAs.
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3.2.2. PFAS Concentrations in Macrophytes and Worms.
At the end of the exposure, macrophytes were in good
condition, showing no signs of necrosis. The average dry
weight of the roots was 0.083 and 0.12 g and that of the shoots
was 2.0 and 3.5 g for the reference and contaminated
sediments, respectively. Worms were in good condition, and
comparable amounts were recovered from both types of
sediments. In the original M. spicatum plants, eight out of the
40 PFAS were detected (Table S7 and Figure 1E,F), with a low
∑PFAS concentration (14.5 ng/g dw). Roots grown in the
reference sediment in the absence of the worms contained a
41-times higher ∑PFAS concentration (603 ng/g dw) than
that of the original plant tissue. The profile consisted of 10
detectable PFAS, mainly precursors and differed from the
PFAS composition of the original sediment. The PFAS
concentrations in the roots that were exposed to the reference
sediment in the presence of worms had similar profiles as in
the plant-only treatment, but the ∑PFAS was more than six
times lower (94.2 ng/g dw) (Tables S8, S9, and Figure 1E). In
the shoots, the ∑PFAS concentration after 56 days was over
two times lower than in the roots (252 ng/g dw), but with
similar profiles and number of detected compounds (eight)
(Table S8 and Figure 1G). In the presence of the worms, the
∑PFAS concentration in the shoots was almost nine times
lower (29.5 ng/g dw; eight compounds) compared to the
plant-only treatment and was three times lower than in the
roots, nonetheless with similar profiles, dominated by
precursors (Table S9 and Figure 1G).

Roots exposed to the contaminated sediment in the absence
of the worms accumulated almost exclusively long-chain PFSAs

and precursors, consisting of 23 compounds, more than twice
as many as in the roots of the plants grown on the reference
sediment (10) (Table S8 and Figure 1F). The ∑PFAS
concentration was 1.01 μg/g dw, 72 times higher compared to
the initial concentration in the plants, and almost twice as high
as in the roots grown on the reference sediment. In the
presence of both organisms, PFAS profiles were similar, but the
number of detected PFAS decreased to almost half (12) of the
number in the plant-only treatment (23), while the ∑PFAS
concentration was only slightly lower (834 ng/g dw) (Table S9
and Figure 1F).

In the shoots of the plants exposed to the contaminated
sediment in the absence of worms, the PFAS profiles and the
number of detected compounds (22) were similar to those in
the roots (Table S8 and Figure 1H). The ∑PFAS (893 ng/g
dw) was 61 times higher than in the original plants but lower
than in the roots. When the worms were also present, fewer
compounds were detected (14), the ∑PFAS was three times
lower (278 ng/g dw) and the profile changed, consisting
almost exclusively of long-chain PFSAs (Table S9 and Figure
1H).

Prior to contact with the sediments, the worms contained
seven PFAS, mostly short-chain PFCAs, with a ∑PFAS
concentration of 18.2 ng/g dw (Table S7 and Figure 1I,J).
After exposure to the reference sediment, a similar number of
compounds was detected in the worms (nine), but the ∑PFAS
concentration increased more than six times (110 ng/g dw),
while the PFAS profile was now dominated by long-chain
PFCAs and PFSAs (Table S9 and Figure 1I). After exposure to
the contaminated sediment, 11 PFAS were quantified in the

Figure 1. PFAS profiles and average (n = 4) individual PFAS concentrations in the different compartments (sediment, water, roots, shoots, and
worms) at the start and the end of the 56 days mesocosm experiment in which plants (Myriophyllum spicatum) and worms (Lumbriculus variegatus)
were exposed to reference (Gaasperplas) and contaminated (Blokkersdijk) sediments. For visualization purposes, error bars are not plotted in the
graphs, but the raw data behind the bar plots are included in Tables S7−S9. In each pair of bars, the left one shows the different PFAS subclasses,
while the right one depicts the individual compounds that belong to each subclass. The different treatments (absence or presence of worms) are
indicated below the stacked bars with the respective icons. In the legend, the compounds that were detected in all compartments (sediment, water,
plant, and worms) in at least one of the locations and for at least one time point are highlighted in bold. Results for worms shown in plot J are based
on only 1 replicate. Please note that the scales of the y axes differ between the panels, to enable visualization.
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worms, almost exclusively long-chain PFSAs (Table S9 and
Figure 1J), resulting in a ∑PFAS concentration of 684 ng/g
dw, 38 times higher than at the start of the experiment and six
times higher than in the worms exposed to the reference
sediment.

3.2.3. Mass Balance. To investigate how the compounds
distributed between the sediments, plants, worms, and
overlying water, mass balances were calculated. The details
behind the calculations are presented in the SI (Section S5 and
Text S7). Overall, recoveries of most PFAS were below 100%,
except for L-PFOS, Br-PFOS, and FOSA (Table S10).
3.3. Bioaccumulation Factors. 3.3.1. PFAS Bioaccumu-

lation Factors for Macrophytes and Worms. Logarithmically
transformed biota to sediment accumulation factors were
obtained for roots in the absence (BSAFsroot−) or presence of
worms (BSAFsroot+) and for worms (BSAFsworm), all in kg
sediment dw/kg root or worm dw (Tables S11−S13 and
Figure 2). For the reference sediments, average BSAF values
could be calculated for six PFAS both in the absence and in the
presence of worms (Figures 2A,B). The compound that
exhibited the highest average BSAF values was different
between the two treatments with a higher value for the plant-
only treatment (FOSA; 1,053) compared to the joint presence
(PFPrA; 199). For worms, BSAFs could be calculated for five
PFAS (Figure 2C). In the worms generally lower values were
observed compared to the macrophyte roots, with the
maximum average value reaching 326 (L-PFOS). For the
contaminated sediments in the plant-only treatment, BSAFs
could be calculated for 23 PFAS (Figure 2D), while in the joint
presence of both organisms, they could be calculated for less
than half of this number (11) (Figure 2E). In both cases, the
highest average BSAF values were found for precursors
(FOSA; 150 in plant-only treatment; FHxSA; 233 in worms
and plant treatment). Similar to the reference sediment, BSAFs
for worms generally were lower and PFDA showed the highest

average BSAF of 91 (Figure 2F). Overall, for both sediment
types, precursors tended to bioaccumulate more in the
macrophyte roots and much less in the worms. The BSAFs
for linear and branched isomers did differ in most cases, but
these differences were not consistent.

3.3.2. Comparison of Locations. Comparing the bioaccu-
mulation behavior of individual PFAS, as well as PFAS
subclasses between the two locations, revealed some differ-
ences. For plants grown in the reference sediment, BSAFsroot−
for PFCAs was not correlated with chain length (Figure 2A),
while for the contaminated sediment, BSAFs for PFCAs
seemed to increase with the increasing chain length (Figure
2D). For the worms, no relationship between bioaccumulation
and chain length was observed for the reference nor for the
contaminated sediment (Figures 2C,F). For the organisms
exposed to the highly contaminated sediment, the PFAS
concentrations were higher than in the reference sediment,
which enabled the quantification of BSAF values for more
PFAS. However, the BSAFs were generally lower for the
contaminated sediment compared to the reference sediment
for both organisms. Comparing the difference in bioaccumu-
lation between the two organisms was not possible as little
overlap was found between the PFAS present in the two
organisms and almost no overlap between the two locations
(only one compound) (Figure S3).
3.4. Effect of Bioturbation on PFAS Bioaccumulation

by Macrophytes. To evaluate the effect of the presence of
the benthic invertebrate and its bioturbation activity on the
bioaccumulation of PFAS by the macrophytes, the bioaccu-
mulation in the roots in the presence (BSAFroot+) and absence
(BSAFroot−) of the worms in the sediments from both locations
(Figure 3) was compared. Only compounds that were
concurrently present in the roots of both treatments (absence
or presence of worms) and for which BSAFs could be
calculated are plotted. In the scatterplots, two categories were

Figure 2. Logarithmically transformed biota to sediment bioaccumulation factors (BSAFs) for the uptake of PFAS from reference (Gaasperplas)
and contaminated (Blokkersdijk) sediment into the roots of Myriophyllum spicatum [kg sediment dw/kg root dw] in the absence (A and D,
respectively) and presence of worms (Lumbriculus variegatus) (B and E, respectively) and into the worms [kg sediment dw/kg worm dw]
themselves (C and F, respectively). Each data point represents one replicate. The horizontal color bars indicate the different PFAS subclasses, with
the compounds per subclass plotted with increasing number of fluorinated carbons. In general, n = 4, except for some compounds that were not
detected in all replicates, as can be seen in Tables S11−S13. BSAFs in worms shown in plot F are based on only 1 replicate.
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distinguished based on the distance of the data points from the
1:1 line (X = Y) shown in orange. The first category included
compounds that were on or close to the 1:1 line, indicating
similar bioaccumulation factors between the two treatments.
These data points were within a ±0.2 log unit range from the
1:1 line. The second category concerned compounds that
deviated more than 0.2 log units from the 1:1 line. For the
reference site (Figure 3A), we could compare the BSAFs for
five compounds, two of which (PFBA and FOSA) deviated
strongly from the 1:1 line and were positioned below it,
indicating a higher bioaccumulation in the plants in the
absence of worms (Figure 3A). The BSAFs in the macrophytes
for the remaining three compounds, consisting of two short-
and one long-chain PFCAs, were similar in the presence or
absence of the worms. In the contaminated sediment, the effect
of the worm presence could be evaluated for 10 PFAS (Figure
3B), showing patterns that were opposite to those observed for
the reference sediment. Three out of these 10 PFAS (two
precursors and one long-chain PFSA) were positioned on or
close to the 1:1 line, indicating comparable bioaccumulation
between the two treatments. The remaining seven compounds
were positioned above the 1:1 line, suggesting higher
bioaccumulation in the presence of worms. Finally, there
were only four compounds for which BSAFs could be
compared in the presence and absence of worms for both
the reference and contaminated sediment (Figure 3C), all of
which exerted opposite behavior between the two types of
sediments. More specifically, compounds for which the BSAFs
of plants growing in the contaminated sediment did not seem
to be affected by the presence of the worms were impacted in
the reference sediments and vice versa. On top of that, BSAFs
from the contaminated sediments that were influenced by the
presence of worms exhibited higher values in the presence of
worms, while the opposite was observed for bioaccumulation
into the plants from the reference sediment. Finally, the shoot
bioconcentration factors from water, expressed as BCF, in the
absence and presence of worms are presented in the SI (Text
S8 and Figure S4).

4. DISCUSSION
This study presented the occurrence and profiles of PFAS in
reference and contaminated freshwater sediments and their
bioaccumulation by rooting macrophytes and a benthic
invertebrate. The experimental design allowed for assessment
of the effect of the presence and bioturbation activity of the
benthic invertebrate on PFAS bioaccumulation and redistrib-
ution in the sediment−water−macrophyte system.
4.1. Presence of PFAS from Different Subclasses in

Freshwater Sediments. The need to broaden the spectrum
of targeted PFAS has been underlined by earlier re-
search.29,51−53 This study therefore examined PFAS structures
which are more rarely screened for in PFAS monitoring and
experimental studies, including ultrashort PFAS, branched
isomers, chlorinated polyfluoroether sulfonic acids, as well as a
cyclic sulfonic acid. Despite this extensive PFAS list, we
acknowledge that the actual number of potentially present
PFAS remains higher, being either unknown precursors or
simply unscreened structures. The presence and potential
(bio)transformation of unknown precursors could also have
contributed to the increased concentrations of PFAAs
observed at the end of the experiment. In the reference
sediments, more than 40% of the targeted compounds were
quantified, underlining that there may be hardly any reference
site concerning PFAS. Comparing the presently measured
PFAS concentrations in the reference sediments with those
from earlier studies8 revealed similar levels, although slightly
different PFAS were screened for. The PFAS concentrations in
contaminated sediments reported in the literature vary greatly,
which is to be expected since different PFAS sources result in
distinct PFAS fingerprints.54 Nevertheless, qualitative compar-
isons showed that in one case, PFAS concentrations were
similar to those currently measured,55 but in other sediments,
the concentrations reported were orders of magnitude higher
compared to those detected in the present study.56−58 It is
concluded that broadening the spectrum of targeted PFAS
indeed revealed the presence of many of these, which may also
imply that many more unmeasured PFAS could be present in
the environment, where profiles and concentrations are

Figure 3. Effect of the presence of worms (Lumbriculus variegatus) on the bioaccumulation of PFAS in plant roots (Myriophyllum spicatum)
following exposure to field sediments from two locations. Average (±SEM) LogBSAFs for PFAS bioaccumulation in roots in the presence and
absence of worms are plotted for the reference (Gaasperplas) (A) and contaminated (Blokkersdijk) (B) sediments (n = 4, except with missing error
bars n = 1). In panel C, BSAFs for PFAS overlapping between the two locations are plotted together, and the compounds of each pair are
connected with each other with a dashed line. The names of the compounds corresponding to each data point are presented and the number in
parentheses indicates the number of fluorinated carbons. The letters R (reference) and C (contaminated) in the last panel indicate the locations. All
BSAF values are given in kg sediment dw/kg root dw. The solid orange line indicates the 1:1 line, and the dotted gray lines indicate the margin of
±0.2 log units, which was used to evaluate the distance of the compounds from the 1:1 line.
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location- and source-specific. Acknowledging the fact that
screening for numerous PFAS in various environmental
matrices is expensive and labor intensive, a monitoring list
that includes at least some representatives from the different
subclasses is proposed.
4.2. Bioaccumulation of PFAS by a Rooting Macro-

phyte and a Benthic Invertebrate. The findings of the
present study suggest that many PFAS do have high
bioaccumulation potential. From the 18 PFAS, for which
BCFs for shoots were calculated for both sampling sites in the
absence of worms, eight had values >5000 L/kg in at least one
or both locations, reaching up to 97,695 L/kg shoot dw for
FOSA. Based on the PBT/vPvB assessment criteria set by
ECHA (2023),59 these compounds, which in our case included
mostly PFSAs and precursors, are categorized as “very
bioaccumulative” and therefore require stricter regulations
compared to compounds not categorized as PBT/vPvB.
Although a comparison for the BSAF values was not possible,
due to their absence in the available literature, based on the
calculated values, reaching up to 1,053 kg sediment dw/kg root
dw for FOSA, it may be argued that at least some PFAS
subclasses have a high bioaccumulation potential from
sediments to macrophytes.

Although PFAS uptake by terrestrial plants has previously
been reported,60 information about PFAS bioaccumulation in
aquatic macrophytes remains limited.29,61,62 In a recent review
gathering BSAFs for PFAS, almost no data on macrophytes
were reported,63 since the few studies that did investigate
PFAS uptake by rooting macrophytes from sediments reported
only BCFs from water.21,23−25 Concerning the benthic
invertebrates, there are some studies on bioaccumulation
from field-collected and PFAS-spiked sediments.31−35,64 We
compared our BSAF data for L. variegatus with previously
reported BSAFs for the same organism after harmonizing all
units (Table S15). Our data were on the lower end of the
BSAF calculated in another study using field-contaminated
sediment,32 while they were much lower compared to the
other two studies.33,64 A major distinction that could have led
to these discrepancies is the presence of the macrophytes,
which may have competed with the worms for PFAS uptake.
Moreover, one of the studies was performed with spiked,
artificial sediment,64 where bioavailability of organic com-
pounds is expected to be higher compared to field-
contaminated sediments that have been in contact with the
contaminants for an extensive time period.65,66 It should be
realized that BSAFs can only be reliably calculated when the
system is in steady state, which was only addressed by Higgins
et al.,33 observing a lack of equilibrium for several PFAS after
28 days. Our experimental setup did, however, not allow us to
evaluate whether equilibrium was reached. The water content
of the worms could be another confounding factor, specifically
for the BSAF calculation of the short-chain compounds, which
might have contributed to the high BSAF observed for PFPrA.
On top of that, because the worms were not rinsed prior to
extraction, any PFAS present in the water attached to the
worms, as well as the internal water content of the worms, may
have contributed to the body burden of the worms. Yet,
assuming the steady state between overlaying water, worms,
and pore water, this contribution was estimated to be low to
negligible. However, this steady-state assumption cannot be
verified, and therefore, BSAF comparisons even between
studies on the same species, like that performed here (Table
S15), should be interpreted with some caution. Additional

differences in terms of the PFAS load and profiles, as well as
the properties of the sediments could further explain the
variation in the BSAFs. We chose not to compare BSAFs
reported for other benthic invertebrates, since on top of the
aforementioned factors, there is additional variation related to
the taxonomy, physiology, feeding behavior, and exposure
route of the organism based on its habitat, living either in or on
top of the sediment.

The BSAF calculations were based on the final PFAS
concentrations in the sediment measured at the end of the
experiment. It should be noted, however, that these BSAFs
may be correct only for compounds that reached steady-state,
while they may have been overestimated for the ones that did
not. Yet, our experiment did not allow for assessing PFAS
desorption kinetics from the sediment or uptake kinetics in the
plants and worms. Nonetheless, using the arithmetic mean of
the sediment concentrations measured at the start and end of
the experimental period still resulted in high values, high-
lighting the high bioaccumulation potential of PFAS (Table
S14).

The bioaccumulation of PFAS in the roots and the worms in
relation to their chain length was not consistent between the
two locations nor for the two treatments in our study. In some
cases, increased bioaccumulation in relation to the fluorinated
chain length was observed for the carboxylic acids and some
sulfonamide-based precursors (contaminated sediment roots in
the absence of worms), which aligns with earlier research,23,32

but in other cases, this relationship was absent. Absence or
even negative relationships between bioaccumulation and
PFAS chain length have also been reported previously
concerning bioaccumulation factors based on soil, instead of
porewater concentrations.15,21,67 Two main explanatory factors
were proposed for the different relationships between
bioaccumulation and chain length that are often reported in
the literature. Although these explanations originate from
terrestrial studies, they could also apply to aquatic systems
such as the one in our study. The first explanation concerns
variations in root structures among plants. These different root
structures could lead to distinct interactions with contami-
nants,68 as well as adsorption/absorption mechanisms of
pollutants, which can involve, among others, root exudates, ion
channels and/or aquaporins.69−72 The second one relates to
the inability to differentiate between the strong external
adsorption of long-chain and the absorption of shorter-chain
PFAS.11 Based on these findings, PFAS uptake by plants seems
to be compound- and species-specific. However, our setup did
not allow for differentiation between external plant sorption or
internal plant uptake; therefore, the second explanatory factor
could partly justify the inconsistency of the observed
bioaccumulation patterns between the different compounds.
Relationships between bioaccumulation and chain length may
be further obscured by differences between compounds in
reaching steady state, as might have been the case in our study.

Similar PFAS profiles and trends were observed in roots and
shoots, but we cannot unravel the processes resulting in these
profiles and trends. Our setup did not allow us to distinguish
PFAS that bioconcentrated from the water to the shoots and
compounds that could have translocated between roots and
shoots. Earlier research reported positive correlations between
root and shoot concentrations70,73 with submerged species
having higher BCFs than free floating ones.23 Merging these
results with our observations suggests that it was the
combination of both mechanisms (i.e., uptake from the
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water phase and translocation from the roots) that contributed
to the exposure of the shoots in this study and the resulting
PFAS bioaccumulation profiles. This implies that the
calculated BCFs may have overestimated the PFAS bio-
accumulation potential from water to the shoots (Table S13).

The differences in the bioaccumulation patterns observed
between the two locations could, to some extent, be attributed
to the different sediment characteristics and to concentration-
dependent uptake. The organic carbon contents of the two
sediments, the grain size distribution, and other characteristics
were quite distinct (Tables S1 and S2), causing potential
differences in PFAS bioavailability. The lower organic carbon
content and the lower clay content of the reference sediment
could result in a weaker adsorption of the PFAS to this
sediment compared to the contaminated one, resulting in
higher bioavailable concentrations. In addition, the aqueous
chemistry (pH and ionic strength), composition, and
concentrations of PFAS differ between the field-contaminated
sediments, affecting the bioaccumulation. Moreover, the
concentration of organically bound phosphorus (Porg) was
more than six times higher in the contaminated than in the
reference sediments (Table S1). The higher nutrient
availability increased plant growth on the contaminated
sediment compared to the reference sediment, as indicated
by the higher (dry) weights. The difference in the trophic state
between the two locations may have affected the distribution
and bioaccumulation of PFAS due to biomass dilution, as
previously reported for polycyclic aromatic hydrocarbons
(PAHs).74 All of these factors possibly also played a role in
the way the presence of the worms affected the PFAS
bioaccumulation. However, the limited overlap between the
compounds taken up in the presence and absence of worms in
both sediments hampers firm conclusions.

Another factor that could have played a role in the different
patterns observed between the two sediments is the initial
PFAS load. The contaminated sediment contained approx-
imately 1 order of magnitude higher ∑PFAS concentrations
and the subclass of long-chain PFSAs was much more
dominant, compared to the reference sediment, where
PFCAs were the most abundant, followed by PFSAs and
precursors with almost equal contributions. Competing uptake
mechanisms have previously been reported for PFAS
bioaccumulation,73,75,76 while various studies suggested that
PFAS uptake by plants is concentration-dependent.24,42

Concentration dependency of bioaccumulation factors has
been proposed for metals,77 as well as for PFAS.78 In the latter
study, where the bioconcentration factors from water to green
mussels were assessed at various PFAS concentrations, lower
BCFs were observed for the organisms exposed to higher PFAS
concentrations. This inverse relationship was supported by the
nonlinear adsorption mechanism underlining the uptake of the
investigated compounds.78 Also, in this work, generally lower
BCFs were observed for the organisms exposed to the highly
contaminated sediment, which further supports the inverse
relationship between the exposure concentration and bio-
accumulation.

In the present study, the wide variety of PFAS exhibited
different bioaccumulation degrees between different organisms,
locations, and treatments. It is therefore challenging to assign a
general bioaccumulation potential to each PFAS subclass.
Nonetheless, this work showed that a wide variety of PFAS
present in the environment appear to have a high
bioaccumulation potential. However, the model describing

the bioaccumulation potential of this diverse group of
compounds likely contains many variables, including, on top
of their molecular properties, factors such as sediment/soil
properties, species interactions, total PFAS loads, as well as
interactions with other chemicals.
4.3. Effect of the Presence and Bioturbation by the

Benthic Invertebrate on PFAS Redistribution and Plant
Bioaccumulation. Even though the assessment of the
bioaccumulation in the worms from the contaminated
sediment was based on only one replicate, we were still able
to assess the impact of the presence of the worms on the
distribution and plant uptake of PFAS. Our findings revealed
that the presence and bioturbation activity of the benthic
invertebrate did affect the distribution of PFAS over the
system, and in the presence of the worms, the ∑PFAS
concentration in the plant roots and shoots was lower. This
was the case for both locations but was more prominent for the
plants grown on the reference sediment, where the initial PFAS
load of the sediment was much lower. This suggests that there
was competition for PFAS uptake between the organisms, as
proposed by other studies73,75,76 or that some compounds had
higher affinity for the worms compared to the macrophyte.
This is supported by the BSAF values for the plants at the
reference sediment that for some compounds were lower in the
presence of the worms. In our test system, worm densities were
on the high end of the abundances found in natural
environments. This may have had an effect on the relative
distribution and plant uptake of PFAS. However, examining
how different worm densities could affect PFAS environmental
fate was beyond the scope of our study.

For the organisms exposed to the contaminated sediment,
the PFAS load seemed to be so high that even in the presence
of both organisms, the plants and especially the roots were still
able to take up considerable amounts of PFAS. In the
contaminated sediment, the concentrations of FOSA and L-
PFOS remained relatively constant over the 56 day period, in
both treatments, while all other compounds seemed to be
depleted by the uptake by the organisms or by the release into
the overlaying water. This could imply that the sediment had a
high accessible stock of these two PFAS and once the readily
bioavailable concentration was taken up by the organisms, it
was constantly being replenished. This replenishment of
depleted bioavailable concentrations via diffusion processes
has previously been reported.79,80

The reduction in terms of the number of PFAS present in
the plant roots in the presence of worms was more noticeable
for the contaminated sediment. In the contaminated sediment,
the root bioaccumulation of mainly PFCAs was affected by the
presence of the worms, which could indicate that bioturbation
made them more bioavailable to the macrophyte roots. This is
supported by the BSAF values for the plants in the
contaminated sediment that for some compounds were higher
in the presence of the worms. The remaining non-precursor
compounds that were not found in the roots when worms were
present were found either in the worm tissues or in the
overlaying water. The presence of the worms notably reduced
the concentrations of precursors in the roots as well as shoots,
while very few to no precursors were detected in the worms
themselves at both locations. These observations could relate
to the increased oxidation conditions caused by the
bioturbation activity of the worms, which could have enhanced
the (bio)transformation of some precursors into PFSAs. Earlier
research has shown that invertebrates are capable of
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biotransforming PFAS precursors, including N-EtFOSAA and
FOSA to PFSAs.33,81 As previously mentioned, unmonitored
PFAS including precursors could also have contributed to the
increased concentrations of “terminal” PFAS observed at the
end of the experiment. This is also illustrated by the calculated
mass balances, where the observed mass balances above 100%
might be due to the potential (bio)transformation of
precursors into linear and branched PFOS in our systems,
especially in the presence of the worms. Our setup did not
allow for differentiation between external transformation or
biotransformation within the organisms. Yet, we were able to
demonstrate that the presence of the worms and their
bioturbation had an impact on the PFAS profile in the plants.

Another way in which bioturbation could have affected
PFAS bioaccumulation is through alterations in the benthic
microbial community and biogeochemistry.82 Microbiota are
able to accumulate PFAS, but they could also play a role in
PFAS degradation70 and redistribution from the sediment to
the different environmental compartments.22,83 Contaminant-
macroinvertebrate interactions, driven by the interplay
between contaminant properties and macroinvertebrate traits,
have been reported for other compound groups,39 and the
present study showed that there are also various ways through
which benthic invertebrates can interfere with the environ-
mental redistribution and bioaccumulation of sediment-
associated PFAS. It is therefore concluded that organisms
affect the environmental fate of PFAS, highlighting that
contaminant-macroinvertebrate interactions should be viewed
as a bilateral relationship.
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J.; Alonso, E.; Vilchez, J. L.; Zafra-Gómez, A. Bioaccumulation of
perfluoroalkyl substances in marine echinoderms: Results of
laboratory-scale experiments with Holothuria tubulosa Gmelin, 1791.
Chemosphere. 2019, 215, 261−271.

(35) Prosser, R. S.; Mahon, K.; Sibley, P. K.; Poirier, D.; Watson-
Leung, T. Bioaccumulation of perfluorinated carboxylates and
sulfonates and polychlorinated biphenyls in laboratory-cultured
Hexagenia spp., Lumbriculus variegatus and Pimephales promelas from
field-collected sediments. Sci. Total Environ. 2016, 543, 715−726.

(36) Josefsson, S.; Leonardsson, K.; Gunnarsson, J. S.; Wiberg, K.
Bioturbation-driven release of buried PCBs and PBDEs from different
depths in contaminated sediments. Environ. Sci. Technol. 2010, 44
(19), 7456−7464.

(37) Mustajärvi, L.; Nybom, I.; Eriksson-Wiklund, A.-K.; Eek, E.;
Cornelissen, G.; Sobek, A. How Important is Bioturbation for
Sediment-to-Water Flux of Polycyclic Aromatic Hydrocarbons in the
Baltic Sea? Environ. Toxicol. Chem. 2019, 38 (8), 1803−1810.

(38) Sobek, A.; Wiberg, K.; Sundqvist, K. L.; Haglund, P.; Jonsson,
P.; Cornelissen, G. Coastal sediments in the Gulf of Bothnia as a
source of dissolved PCDD/Fs and PCBs to water and fish. Sci. Total
Environ. 2014, 487 (1), 463−470.

(39) van der Meer, T. V.; Verdonschot, P. F. M.; Dokter, L.;
Absalah, S.; Kraak, M. H. S. Organic matter degradation and
redistribution of sediment associated contaminants by benthic
invertebrate activities. Environ. Pollut. 2022, 306, No. 119455.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c03868
Environ. Sci. Technol. 2024, 58, 20607−20618

20616

https://doi.org/10.1016/j.scitotenv.2020.141251
https://doi.org/10.1016/j.scitotenv.2020.141251
https://doi.org/10.1016/j.chemosphere.2010.01.045
https://doi.org/10.1016/j.chemosphere.2010.01.045
https://doi.org/10.1016/j.envres.2020.109751
https://doi.org/10.1016/j.envres.2020.109751
https://doi.org/10.1016/j.envres.2020.109751
https://doi.org/10.1016/j.scitotenv.2019.134766
https://doi.org/10.1016/j.scitotenv.2019.134766
https://doi.org/10.1016/j.scitotenv.2019.134766
https://doi.org/10.1016/j.chemosphere.2013.09.018
https://doi.org/10.1016/j.chemosphere.2013.09.018
https://doi.org/10.1016/j.envpol.2021.118604
https://doi.org/10.1016/j.envpol.2021.118604
https://doi.org/10.1016/j.envpol.2021.118604
https://doi.org/10.1016/j.envint.2019.04.008
https://doi.org/10.1016/j.envint.2019.04.008
https://doi.org/10.1016/j.envint.2019.04.008
https://doi.org/10.1016/j.envint.2019.04.008
https://doi.org/10.1016/j.envpol.2013.09.040
https://doi.org/10.1016/j.envpol.2013.09.040
https://doi.org/10.1016/j.envpol.2013.09.040
https://doi.org/10.1021/acs.jafc.0c00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.0c00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.0c00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9781118339558.ch27
https://doi.org/10.1002/9781118339558.ch27
https://doi.org/10.1002/9781118339558.ch27
https://doi.org/10.1016/j.scitotenv.2020.144805
https://doi.org/10.1016/j.scitotenv.2020.144805
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403094q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403094q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403094q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es504150h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es504150h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es504150h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2021.117080
https://doi.org/10.1016/j.watres.2021.117080
https://doi.org/10.1016/j.watres.2021.117080
https://doi.org/10.1016/j.watres.2017.04.003
https://doi.org/10.1016/j.watres.2017.04.003
https://doi.org/10.1016/j.watres.2017.04.003
https://doi.org/10.1016/j.watres.2017.04.003
https://doi.org/10.1016/j.envpol.2019.113575
https://doi.org/10.1016/j.envpol.2019.113575
https://doi.org/10.1016/j.envpol.2019.113575
https://doi.org/10.1016/j.envpol.2019.113575
https://doi.org/10.1016/j.scitotenv.2019.134146
https://doi.org/10.1016/j.scitotenv.2019.134146
https://doi.org/10.1016/j.scitotenv.2019.134146
https://doi.org/10.1021/es302398u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es302398u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es302398u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf500674j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf500674j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf500674j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.5729
https://doi.org/10.1002/etc.5729
https://doi.org/10.1002/etc.5729
https://doi.org/10.1021/es0614870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0614870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0614870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envpol.2014.02.018
https://doi.org/10.1016/j.envpol.2014.02.018
https://doi.org/10.1016/j.envpol.2014.02.018
https://doi.org/10.1002/etc.622
https://doi.org/10.1002/etc.622
https://doi.org/10.1002/etc.622
https://doi.org/10.1021/es062792o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es062792o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2018.10.037
https://doi.org/10.1016/j.chemosphere.2018.10.037
https://doi.org/10.1016/j.chemosphere.2018.10.037
https://doi.org/10.1016/j.scitotenv.2015.11.062
https://doi.org/10.1016/j.scitotenv.2015.11.062
https://doi.org/10.1016/j.scitotenv.2015.11.062
https://doi.org/10.1016/j.scitotenv.2015.11.062
https://doi.org/10.1021/es100615g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es100615g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.4459
https://doi.org/10.1002/etc.4459
https://doi.org/10.1002/etc.4459
https://doi.org/10.1016/j.scitotenv.2014.04.041
https://doi.org/10.1016/j.scitotenv.2014.04.041
https://doi.org/10.1016/j.envpol.2022.119455
https://doi.org/10.1016/j.envpol.2022.119455
https://doi.org/10.1016/j.envpol.2022.119455
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c03868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(40) Wu, Z.; Li, R.; Zhang, Y.; Zhu, L. Insights into the impacts of
bioturbation by multiple benthic organisms on the bioavailability and
toxic effects of perfluorooctane sulfonate in sediment. Hazard. Mater.
2021, 420, No. 126675.

(41) Wang, S.; Ding, G.; Liu, Y.; Dou, Z.; Chen, H.; Ya, M.; Lin, X.;
Li, Q.; Li, Y.; Wang, X. Legacy and emerging persistent organic
pollutants in the marginal seas of China: Occurrence and phase
partitioning. Sci. Total Environ. 2022, 827, No. 154274.

(42) Ghisi, R.; Vamerali, T.; Manzetti, S. Accumulation of
perfluorinated alkyl substances (PFAS) in agricultural plants: A
review. Environ. Res. 2019, 169, 326−341.

(43) Arts, G. H. P.; van Smeden, J.; Wolters, M. F.; Belgers, J. D. M.;
Matser, A. M.; Hommen, U.; Bruns, E.; Heine, S.; Solga, A.; Taylor, S.
Seasonal dynamics of the macrophyte test species Myriophyllum
spicatum over two years in experimental ditches for population
modelling application in risk assessment. Integr. Environ. Assess.
Manag. 2021, 18 (5), 1376−1386.

(44) U.S. EPA. Methods for measuring the toxicity and bioaccumulation
of sediment-associated contaminants with freshwater invertebrates.
Technical Report No. 600/R-99/064; U.S. EPA:: Washington, DC,
2000; p 192. https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=
30003SBA.txt.

(45) Organization for Economic Co-operation and Development
(OECD). Test No. 317: Bioaccum�ulation in Terrestrial Oligochaetes,
OECD Guidelines for the Testing of Chemicals, Section 3; OECD
Publishing: Paris, 2010.

(46) Organization for Economic Co-operation and Development
(OECD). Test No. 225: Sediment-Water Lumbriculus Toxicity Test
Using Spiked Sediment, OECD Guidelines for the Testing of Chemicals,
Section 2; OECD Publishing: Paris, 2010.

(47) Arnold, R. E.; Hodson, M. E. Effect of time and mode of
depuration on tissue copper concentrations of the earthworms Eisenia
andrei, Lumbricus rubellus and Lumbricus terrestris. Environ. Pollut.
2007, 148 (1), 21−30.

(48) Nahmani, J.; Hodson, M. E.; Black, S. A review of studies
performed to assess metal uptake by earthworms. Environ. Pollut.
2007, 145 (2), 402−424.

(49) Sadia, M.; Nollen, I.; Helmus, R.; ter Laak, T. L.; Béen, F.;
Praetorius, A.; van Wezel, A. P. Occurrence, Fate, and Related Health
Risks of PFAS in Raw and Produced Drinking Water. Environ. Sci.
Technol. 2023, 57 (8), 3062−3074.

(50) Sadia, M.; Yeung, L. W. Y.; Fiedler, H. Trace level analyses of
selected perfluoroalkyl acids in food: Method development and data
generation. Environ. Pollut. 2020, 263, No. 113721.

(51) Ateia, M.; Maroli, A.; Tharayil, N.; Karanfil, T. The overlooked
short- and ultrashort-chain poly- and perfluorinated substances: A
review. Chemosphere. 2019, 220, 866−882.

(52) Hamid, N.; Junaid, M.; Sultan, M.; Yoganandham, S. T.;
Chuan, O. M. The untold story of PFAS alternatives: Insights into the
occurrence, ecotoxicological impacts, and removal strategies in the
aquatic environment. Water Res. 2024, 250, No. 121044.

(53) Macorps, N.; Labadie, P.; Lestremau, F.; Assoumani, A.;
Budzinski, H. Per- and polyfluoroalkyl substances (PFAS) in surface
sediments: Occurrence, patterns, spatial distribution and contribution
of unattributed precursors in French aquatic environments. Sci. Total
Environ. 2023, 874, No. 162493.

(54) Joseph, N. T.; Schwichtenberg, T.; Cao, D.; Jones, G. D.;
Rodowa, A. E.; Barlaz, M. A.; Charbonnet, J. A.; Higgins, C. P.; Field,
J. A.; Helbling, D. E. Target and Suspect Screening Integrated with
Machine Learning to Discover Per- and Polyfluoroalkyl Substance
Source Fingerprints. Environ. Sci. Technol. 2023, 57 (38), 14351−
14362.

(55) Boiteux, V.; Bach, C.; Sagres, V.; Hemard, J.; Colin, A.; Rosin,
C.; Munoz, J.-F.; Dauchy, X. Analysis of 29 per- and polyfluorinated
compounds in water, sediment, soil and sludge by liquid
chromatography−tandem mass spectrometry. J. Environ. Anal. Chem.
2016, 96 (8), 705−728.

(56) Langberg, H. A.; Choyke, S.; Hale, S. E.; Koekkoek, J.; Cenijn,
P. H.; Lamoree, M. H.; Rundberget, T.; Jartun, M.; Breedveld, G. D.;

Jenssen, B. M.; Higgins, C. P.; Hamers, T. Effect-Directed Analysis
Based on Transthyretin Binding Activity of Per- and Polyfluoroalkyl
Substances in a Contaminated Sediment Extract. Environ. Toxicol.
Chem. 2024, 43 (2), 245−258.

(57) Langberg, H. A.; Breedveld, G. D.; Slinde, G. A.; Gro̷nning, H.
M.; Ho̷isæter, Å.; Jartun, M.; Rundberget, T.; Jenssen, B. M.; Hale, S.
E. Fluorinated Precursor Compounds in Sediments as a Source of
Perfluorinated Alkyl Acids (PFAA) to Biota. Environ. Sci. Technol.
2020, 54 (20), 13077−13089.

(58) Song, D.; Qiao, B.; Yao, Y.; Zhao, L.; Wang, X.; Chen, H.; Zhu,
L.; Sun, H. Target and nontarget analysis of per- and polyfluoroalkyl
substances in surface water, groundwater and sediments of three
typical fluorochemical industrial parks in China. J. Hazard. Mater.
2023, 460, No. 132411.

(59) European Chemicals Agency. Guidance on information require-
ments and chemical safety assessment−Chapter R.11: PBT and vPvB
assessment−Version 4.0. https://data.europa.eu/doi/10.2823/312974
(accessed December 2023).

(60) Lesmeister, L.; Lange, F. T.; Breuer, J.; Biegel-Engler, A.; Giese,
E.; Scheurer, M. Extending the knowledge about PFAS bioaccumu-
lation factors for agricultural plants - A review. Sci. Total Environ.
2021, 766, No. 142640.

(61) Evich, M. G.; Davis, M. J. B.; McCord, J. P.; Acrey, B.;
Awkerman, J. A.; Knappe, D. R. U.; Lindstrom, A. B.; Speth, T. F.;
Tebes-Stevens, C.; Strynar, M. J.; Qang, Z.; Weber, E. J.; Henderson,
W. M.; Washington, J. W. Per- and polyfluoroalkyl substances in the
environment. Science 2022, 375 (6580), No. eabg9065.

(62) Griffin, E. K.; Hall, L. M.; Brown, M. A.; Taylor-Manges, A.;
Green, T.; Suchanec, K.; Furman, B. T.; Congdon, V. M.; Wilson, S.
S.; Osborne, T. Z.; Martin, S.; Schultz, E. A.; Holden, M. M.; Lukacsa,
D. T.; Greenberg, J. A.; Deliz Quiñones, K. Y.; Lin, E. Z.; Camacho,
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