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Although poly- and perfluorinated alkyl substances (PFAS) are ubiquitous in the Arctic, their sources and fate

in Arctic marine environments remain unclear. Herein, abiotic media (water, snow, and sediment) and biotic

media (plankton, benthic organisms, fish, crab, and glaucous gull) were sampled to study PFAS uptake and

fate in the marine food web of an Arctic Fjord in the vicinity of Longyearbyen (Svalbard, Norwegian Arctic).

Samples were collected from locations impacted by a firefighting training site (FFTS) and a landfill as well as

from a reference site. Mean
P

14
PFAS concentration in the landfill leachate was 643 � 84 ng L�1, while it was

365 � 8.0 ng L�1 in a freshwater pond and 57 � 4.0 ng L�1 in a creek in the vicinity of the FFTS. These levels

were an order of magnitude higher than in coastal seawater of the nearby fjord (maximum level
P

14
PFAS ¼ 10:1� 1:2 ng L�1, at the FFTS impacted site). PFOS was the most predominant compound in

all seawater samples and in freshly fallen snow (63–93% of
P

14
PFAS). In freshwater samples from the

Longyear river and the reference site, PFCA # C9 were the predominant PFAS (37–59%), indicating that

both local point sources and diffuse sources contributed to the exposure of the marine food web in the

fjord.
P

14
PFAS concentrations increased from zooplankton (1.1 � 0.32 mg kg�1 ww) to polychaete (2.8 �

0.80 mg kg�1 ww), crab (2.9 � 0.70 mg kg�1 ww whole-body), fish liver (5.4 � 0.87 mg kg�1 ww), and gull

liver (62.2 � 11.2 mg kg�1). PFAS profiles changed with increasing trophic level from a large contribution

of 6:2 FTS, FOSA and long-chained PFCA in zooplankton and polychaetes to being dominated by linear

PFOS in fish and gull liver. The PFOS isomer profile (branched versus linear) in the active FFTS and landfill

was similar to historical ECF PFOS. A similar isomer profile was observed in seawater, indicating major

contribution from local sources. However, a PFOS isomer profile enriched by the linear isomer was

observed in other media (sediment and biota). Substitutes for PFOS, namely 6:2 FTS and PFBS, showed

bioaccumulation potential in marine invertebrates. However, these compounds were not found in

organisms at higher trophic levels.
Environmental signicance

The distribution of poly- and peruorinated alkyl substances (PFAS) was investigated in a marine food web of a Norwegian Arctic ord. Local point sources
(reghting station and landll) and diffuse sources contributed to the exposure of the Svalbard marine food web. PFOS substitutes, namely 6:2 FTS and PFBS
showed a bioaccumulation potential in marine invertebrates. This study indicates that local sources should be considered in the assessment of PFAS exposure in
the Arctic environment and focus should not only be on their long range transport.
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Introduction

The presence of poly- and peruoroalkyl substances (PFAS) in the
environment has attracted signicant attention and research
during the two last decades.1,2 PFAS are a group of man-made
chemicals and are classied and subdivided based on their char-
acteristic functional groups. The most commonly studied PFAS
groups include peruoroalkyl carboxylates (PFCA) and per-
uoroalkane sulfonates (PFSA), uorotelomer alcohols (FTOH),
sulfonamido ethanols (FOSE), and uorotelomer sulfonates (FTS).3

Several PFAS are regulated nationally and/or internationally
through the Stockholm Convention (http://www.pops.int) and
their use has been, or is currently being phased out. However, they
have been replaced by other substitute PFAS, which are of
unknown environmental concern.4 Peruorooctane sulfonate
(PFOS) is one of the most widely known PFSA being detected
worldwide in the aquatic and the terrestrial environment,
including humans.5,6 PFOS and its precursors were only manu-
factured with electrochemical uorination (ECF) which yields
a mixture of linear and branched isomers with known percentages
(70 � 1.1% and 30 � 0.8%, respectively).7,8

The extremely broad product application range for PFAS has
resulted in the ubiquitous detection of these persistent chem-
icals, even in remote environments such as the Arctic.9,10 PFAS
are considered priority chemicals of emerging concern for the
Arctic.11 The transport pathways that result in PFAS ultimately
ending up in the Arctic ecosystem is a focus of current research.
The most frequently used PFAS are amphiphobic and ionic, and
hence, not expected to be prone to long-range atmospheric
transport.12 Oceanic long-range transport is a known transport
pathway for ionic PFAS.13 However, the observation of the
occurrence of neutral precursors in outdoor air14–17 suggests
that precursors with long atmospheric lifetimes have the
potential to be transported over long distances and subse-
quently degraded in the atmosphere to environmental stable
peruoroalkyl acids (PFAA).18 Once PFAA are formed in the
atmosphere, they deposit to the surface through wet or dry
deposition.19 Degradation of these precursor compounds (e.g.
uorotelomer alcohols and polyuorinated sulfonamides based
chemicals) may increase environmental loads as it leads to the
formation of PFAA.20,21 In addition, recent eld and laboratory
studies have suggested water-to-air transfer of PFAA through sea
spray aerosol as an important additional source of PFAAs to the
atmosphere.22,23

High concentrations of PFAS have been reported in Arctic
environments inuenced by local sources such as landlls,
sewage discharge and airports.9,24 The use of aqueous lm
forming foams (AFFF) for reghting training activities at
airports has previously been noted to be a signicant point
source of PFAS to a variety of environmental media.4,25 The
disposal of PFAS containing consumer products (food wrap-
pings, non-stick cook ware, stain-resistant coatings, cleaning
products, etc.) has also resulted in elevated PFAS levels in
landll leachate.26–28 In the Svalbard archipelago, further
studies are needed to elucidate the contribution of such local
sources to the Arctic environment as well as how these sources
This journal is © The Royal Society of Chemistry 2021
affect the marine food web. Further, the direct link between the
release from local sources and accumulation in the Arctic
marine environment has not been studied previously.

Hence, the main objective of the present study is to investi-
gate the fate of PFAS released by certain point sources in
a marine food web in the Norwegian Arctic. Thus, the PFAS
distribution patterns in terrestrial, limnic and marine abiotic
matrices (water, snow and sediments) and biota at various
trophic levels in the marine food web was investigated.
Materials and methods
The study sites

Longyearbyen is the largest settlement on Svalbard, with
approximately 2400 inhabitants.29 During the tourist season, up
to 100 000 visitors, arriving by cruise ship or plane at the small
local airport are recorded each year.30 Following the cessation of
most coal mining activities in 2018, both tourism and education
drive the local economy. The mean temperature varies from
�16 �C in February to +6 �C in July, and the annual precipitation
is approximately 200 mm (Norwegian Meteorological Institute).
The following point sources were included in this study (Fig. 1),
representing the main point sources of the study area: Svalbard
Airport (N 78�140, E 15�300), situated approximately ve kilo-
metres northwest of Longyearbyen centre and a decom-
missioned landll in Adventdalen (N 78�100, E 15�560). Diffuse
sources to the marine environment include wastewater from the
municipality and the airport which is discharged without pre-
treatment into the Adventord, at approximately 60 m depth 2
km off the coast,31 and runoff from the municipality. It was
estimated that Longyearbyen city annually releases about
285 000 m3 of untreated wastewater into the Adventord.32 To
investigate the PFAS load from diffuse sources, the Longyear
river (N 78�130, E 15�380) which runs through Longyearbyen and
is by glacier and snow melt, was sampled, as well as a meltwater
creek (N 78�120, E 15�120), which is fed by snow melt. A snow
sample, collected directly aer a precipitation event, was
sampled from a nearby mountain side, Breinosa (N 78�090, E
16�030), which could represent PFAS from atmospheric
deposition.

Svalbard airport was opened in 1975 and has two reghting
training stations (FFTS), one decommissioned area north-east
of the runway and one newer active training area south-east of
the runway (Fig. 1). The main source of contamination at the
airport site is AFFF containing PFAS used during training which
is assumed to have been transported with run-off to the
Adventord during the short spring snow melting season. The
landll received municipal and industrial waste between 1991
and 2007. From 2007, most municipal waste from Longyearbyen
was transported to mainland Norway for incineration and
mainly non-degradable waste (e.g. gypsum, steel, concrete and
slag) has been disposed of at the landll.33
Water samples

To investigate the contribution of PFAS to the marine food web
from the active FFTS, runoff water from a creek running from
Environ. Sci.: Processes Impacts, 2021, 23, 588–604 | 589
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Fig. 1 Marine sampling stations (blue circles representing St1–4), sampling points for freshwater samples (blue dots for Ref-creek, FFTS-pond,
FFTS-creek, LY-river), the landfill, and snow sample (white dot) locations in the vicinity of Longyearbyen (Svalbard, Norway, source: http://
toposvalbard.npolar.no).
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the FFTS to the coast was collected in duplicate using 2.5 L
methanol rinsed polyethylene bottles (FFTS-creek, Fig. 1). Water
from the pond down gradient of the old FFTS, receiving runoff
from the airport, was also collected (FFTS-pond, Fig. 1). At the
landll site, leachate water was sampled (landll). To investi-
gate the contribution from the various sources, seawater was
sampled from four representative stations located in the ord
system (the Adventord and Isord, St1–St3, Fig. 1), and one
reference location (St4, Fig. 1). All of these water samples were
collected in June 2018. From each of the marine sampling
stations in the ord, surface (1 m below surface), subsurface
(mid water column) and deep seawater (1 m above the seabed)
were sampled using a Ruttner Water Sampler (KC Denmark A/
S). Seawater samples were analysed without ltration thus
representing total water concentrations. Station 1 is impacted
by the active FFTS and located close to where the creek drains
into the ord (N 78�140, E 15�330), while station 2 is impacted by
the old FFTS site (FFTS-pond) and it receives general runoff
from the airport (N 78�150, E 15�290). Station 3 is located directly
outside the Longyearbyen settlement, where the Longyearbyen
river ows into the ord (N 78�140, E 15�390). Station 3 is also
affected by water from Adventdalen, where the landll is
located. The reference station, station 4 is located in the ord,
Isord, approximately 10 km from any known PFAS source
(airport, landll or settlement). This station was chosen as
a background site that reects the coastal waters of the ord.
However, it cannot be excluded that this site may be affected by
these sources. Runoff from a small meltwater creek draining
into the Isord at station 4 was sampled to represent PFAS from
atmospheric deposition (Ref-creek, N 78�120, E 15�120). The
Longyear river is a meltwater river receiving meltwater from the
adjacent glaciers (Longyearbreen and Larsbreen glaciers). This
was sampled to represent atmospheric deposition and
590 | Environ. Sci.: Processes Impacts, 2021, 23, 588–604
contamination from Longyearbyen town before draining into
the Adventord (LY-river, N 78�130, E 15�380). A surface snow
sample was collected on the mountainside above the active coal
mine (snow sample, N 78�090, E 16�030, 545 above mean sea
level, Fig. 1) in October 2018. Surface snow (0–10 cm depth) was
collected following recent precipitation during the previous 7
days and so it presumably represents newly deposited PFAS. The
snow was melted and analyzed as an aqueous sample. Sampling
data are presented in Table S1 and Fig. S1.†
Sediment and biota samples

Bottom sediments (0–5 cm depth) were collected in triplicate at
the four marine stations (St1–St4) using a van Veen grab
sampler. Sediment from the upper centimetres of the landll
leachate drainage channel was also collected. Marine biota
samples were collected at the four marine stations (St1–St4). To
determine PFAS levels in benthic organisms, polychaetes were
collected (approximately 10 g from each station) from the
sediments sampled and individuals from the same station were
pooled into one representative sample (Table S2†). Polychaetes
were depurated overnight in seawater in order to separate
sediment-bound PFAS from accumulated PFAS. Pelagic
zooplankton (copepods, mainly Calanus spp.) was collected and
triplicate samples from each station were pooled for analyses
(approximately 20 g per station, Table S2†). One to 14 crabs
(Hyas araneus) were collected from each station and one to
seven individuals were analysed (Table S3†). Two local sh
species were collected: sculpin (Myoxocephalus scorpius) (n¼ 29)
and wolffish (Anarhichas lupus) (n¼ 3) from stations St1, St2 and
St4. Liver and muscle samples were obtained from each sh
individually and analysed separately (see Table S4 and Fig. S2†
for sh and liver weights). Twenty glaucous gulls specimen
(Larus hyperboreus) were sampled in the proximity of Svalbard
This journal is © The Royal Society of Chemistry 2021
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airport at Adventpynten (between station 1 and 2) in April 2018
and liver samples were obtained (biological parameters of the
collected glaucous gulls are shown in Table S5†). None of the
investigated biota species are threatened according to the IUCN
Red List Categories. The sampling was performed in accordance
with the Norwegian animal welfare act and national
regulations.

PFAS levels in biota are calculated on a wet weight basis (ww),
while concentrations in sediment are given on dry weight basis
(dw) due to the potential variability in moisture content.

Sample preparation and HPLC�MS/MS analysis

Two previously published analytical methods were adopted with
some modication for the analysis of abiotic and biotic
samples.34,35 The methods were subjected to a comprehensive
validation before being applied for the simultaneous quantica-
tion of all the selected PFAS (see Table S6†). A detailed description
of the methods is available in the ESI.† Briey, sediment and biota
samples were extracted with methanol. Clean-up of methanol
extracts was conducted using active carbon (EnviCarb, Sigma-
Aldrich Co., PA, USA). Water and melted snow samples were
extracted on Oasis® Waters (Mildford, MA, USA) weak-anion
exchange (WAX) SPE cartridges (6 mL volume, 0.5 g). The quanti-
tative determination of PFAS was done with high-performance
liquid chromatography (HPLC) using an Agilent 1200 series
HPLC (Agilent Technologies,Waldbronn, Germany) and an Agilent
6460 (Agilent Technologies, Santa Clara, CA, USA) triple quadru-
pole mass spectrometer equipped with a jet stream electrospray
ion source.

Quality assurance, quality control, and method validation

All samples were analysed under standardized conditions (NS-
EN ISO/IEC 17025 – TEST 137) and spiked with a mixture of
12 internal standards (ISTDs) (see Tables S7 and S8†) before
extraction. In order to monitor contamination during trans-
portation and sample preparation, eld and laboratory blank
samples made of Milli-Q water (for water samples) and sodium
sulfate standard - 99.99% (for sediment, and each organism
type) were included and processed as real samples. Potential
contamination resulting from the HPLC system was avoided by
using a delay column (Agilent Eclipse Plus C18, 4.6� 50 mm, 3.5
mm), installed aer the mixing valve, and before the autosam-
pler.36 This helps to resolve problems related to PFAS that
originate from the instrumental contamination, as depicted in
Fig. S4.† Additionally, a methanol blank was injected aer every
10 samples. None of the targeted PFAS were detected in the
methanol blanks, indicating the absence of carryover effects.
Instrument limit of detection (LOD) and lower limit of quanti-
cation (LOQ) were determined by the compound specic
amount corresponding to a signal to noise ratio (S/N) ¼ 3 (LOD)
and 10 (LOQ). These calculations were based on the three lowest
calibrations standards prepared in solvent (0.05, 0.1, 5 pg mL�1).
For compounds not detected in procedural blank samples, the
method detection limit (MDL) was determined as the concen-
tration resulting in S/N ¼ 3, based on the three lowest calibra-
tions standards (0.1, 0.5, 5 pg mL�1) prepared in real sample
This journal is © The Royal Society of Chemistry 2021
extracts. MDLs for compounds detected in procedural blank
samples were determined as C + 3SD, where C is the mean
concentration measured in blanks and SD is the standard
deviation. No blank correction was made for these compounds.
Signals detected below LOD were presented as non-detected
(nd), while levels detected above LOD but below the calculated
MDL, were reported as <LOQ (see Table S9†).

In addition to the 19 PFAS targeted in this study, the proportion of
total branched PFOS isomers were quantied. All target PFAS were
quantied using internal standard calibration curves with eight concen-
tration points (R2 > 0.99). For seawater, standards including both native
and internal standards were prepared in similarmatrix extracts. Samples
with minimal PFAS concentrations were used for matrix matched cali-
bration (see the ESI for details, Table S10†) which has resulted in better
recovery. In sediment and biota matrices, matrix-matched calibration
remained necessary for the quantication of 6:2 FTS, which showed
unacceptable recoveries > 140%which was attributed to a lack of exactly-
matched, isotopically-labelled ISTD.However, due to the lackof PFAS free
biotamaterial, and the observed low salinity inmeltwater samples, these
matrices were analysed with solvent matched calibration for PFAS other
than 6:2 FTS. The proportion of total branched PFOS isomers was
calculated using the chromatographic peak area against the calibration
curve of the linear PFOS isomer.37,38 For this, concentrations were calcu-
lated using the average of m/z 499/80 and 499/99 ions for both PFOS
isomers, as described in Riddell et al.39However, in order to enhance the
selectivity, 499/99 ionwasselected forPFOSquantication inshandgull
livers samples due to endogenous interferences associated with the m/z
499 / 80 transition.40 For each sample type, matrix spiked apparent
recovery percentages of all target PFASwere calculated fromsampleswith
low-contamination levels (4–6 replicates) spiked at two concentration
levels (1.0 and 25 mg kg�1 for sediment and biota; 3.0 and 25 ng L�1 for
water). Most target PFAS showed acceptable recoveries (40–125%, Table
S11†). Additionally, relative recoveries of internal standards were also
calculatedbasedon their linear calibration curves applying [13C8]-PFOAas
a recovery standard (see Table S12†). N-Methyl per-
uorooctanesulfonamido ethanol (N-MeFOSE), N-methyl per-
uorooctanesulfonamide (N-MeFOSA), N-ethyl
peruorooctanesulfonamido ethanol (N-EtFOSE), and N-ethyl per-
uorooctanesulfonamide (N-EtFOSA) showed unacceptable low recov-
eries for several matrices, and consequently were excluded from the
dataset. PFBAwas excluded fromquantication due to some concerns of
interference affecting the results which could not be excluded with only
oneMRM transition. Therefore, 14 PFAS (and Br-PFOS) were quantied.
Analyte names, acronyms, CAS numbers, and structures of the 14 target
compounds are shown in Table S6.†
Statistics and data handling

Principal component analysis (PCA) was performed to investi-
gate the main patterns of variation in PFAS proles within the
dataset aer a normalization to sum PFAS concentrations. For
PCA, the R-soware (R-Studio Version 1.1.143 based on R
version 3.5.2.) was used under the GNU public license (Boston,
MA, USA) with prcomp function and the package ggbiplot. The
non-parametric unpaired Wilcoxon Test/Mann–Whitney U test
was applied for testing the differences in PFAS concentrations
between FFTS-impacted sites and the background reference site
Environ. Sci.: Processes Impacts, 2021, 23, 588–604 | 591
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and between female and male crabs and glaucous gull indi-
viduals. The Spearman's correlation test was used for testing the
correlation between

P

14
PFAS concentrations and biological

parameters for individual organisms and to investigate the
correlation among individual PFAS. The signicance threshold
was set to p < 0.05. Values reported in the current paper, indi-
cate average values and�standard error of the mean (SEM). For
compounds detected at concentrations < LOQ, values were set at
half LOQ for the summation of

P

14
PFAS.
Results and discussion
Concentration and distribution patterns of PFAS in water:
point sources

PFAS concentration and distributions patterns for the 14 target
PFAS are shown in Fig. 2 and PFAS concentrations in all water
samples are listed in Table S13.† The highest

P

14
PFAS concen-

trations were detected in the landll leachate (643 � 84 ng L�1).
These

P

14
PFAS levels were similar to the concentrations reported

in the leachate of Norwegian landlls (median 630 ng L�1) and
in Spain (639–1379 ng L�1).33,41 Higher values have been found
in landll leachates in USA (2000 to 29 000 ng L�1) and Australia
(2000 to 15 000 ng L�1).27,41,42 Water samples collected from the
pond that receives drainage water from the Svalbard airport
(FFTS-pond) and a creek downstream from the FFTS (FFTS-
creek) also showed elevated

P

14
PFAS concentrations (365 � 8.0

and 57.4 � 4.0 ng L�1, respectively). This is in agreement with
a recent study conducted in Longyearbyen where Skaar et al.35

reported high
P

9
PFAS concentrations in run-off water samples

collected in June 2015 at 600 m downstream of the local FFTS at
Svalbard airport in Longyearbyen (113 � 2.9 ng L�1).

The predominant PFAS in the FFTS-creek, which receives
runoff from the reghting training area where AFFF is actively
used, were PFOS (35% of

P

14
PFAS), PFHxS (22%), PFHxA (18%),

PFOA (11%), PFHpA (6%) and smaller percentages of the
Fig. 2 Distribution and average concentrations of PFAS in abiotic sample
from the fresh water andmarine environment (standard error of themean
sediments (n ¼ 3 at each station, standard error of the mean is given in

592 | Environ. Sci.: Processes Impacts, 2021, 23, 588–604
remaining compounds (#3% per compound). The occurrence
of 6:2 FTS at 1.46� 0.08 ng L�1 (2.5% of

P

14
PFAS) might indicate

the use of new AFFF formulations at the FFTS, as 6:2 FTS and
related compounds have replaced PFOS aer the phase-out in
the 2000s according to the Norwegian Aviation Organisation.43 A
similar prole was identied in the FFTS-pond which is close to
the old reghting training area and receives general runoff
from the airport (without runoff from the active FFTS). The
leachate water from the decommissioned Longyearbyen landll
was characterized by a high relative contribution of PFCA C6–11

(43% of
P

14
PFAS of which PFOA accounts for approximately

20%) and the sum of linear and branched PFOS representing
48% of

P

14
PFAS. The formation of PFCA e.g. PFHxA and PFOA

from the degradation of uorotelomers, precursors to PFCA,
can be a potential source for PFCA in the landll leachate.44 A
similar PFAS pattern is reported for landll leachate from
Spain, where PFOA was the predominant compound at 43% of
the total PFAS.41

Concentration and distribution patterns of PFAS in water:
diffuse sources

The
P

14
PFAS concentrations in samples from LY-river, Ref-creek,

the snow sample as well as in the seawater samples from the
Adventord were lower than the concentrations reported in
freshwater at the landll and the FFTS pond (Fig. 2 and Table
S13†). In the LY-river sample, the predominant PFAS were
PFHxA, PFHpA, PFOA, PFHxS, and PFOS. The concentrations of
PFCA C6–12 in LY-river reported in the current study
(6.44 ng L�1) were higher than previously reported
(3.51 ng L�1)45 (Table S13†). This could be related to the season
and the water-ow in the river, where the previously reported
samples were taken during May 2006.

In the Ref-creek sample, a similar concentration as in the LY-
river was found and the predominant PFAS were PFOA and
PFOS (19 and 20% respectively). The

P

14
PFAS in the snow sample

from the mountain side was somewhat higher (18.70 ng L�1,
s in the vicinity of Longyearbyen (Svalbard). (A) and (B) Aqueous samples
is given in Table S13†). (C) Marine sediment samples (St1–4) and landfill
Table S14†). (Levels < LOQ were treated as zero in this figure.)

This journal is © The Royal Society of Chemistry 2021
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Table S13†), and was dominated by PFHxS (17%) and PFOS
(64%). The PFOA concentration in the snow sample (0.360 �
0.007 ng L�1, Table S13†) was similar to a previous study in
which snow was sampled near Longyearbyen town (0.396 �
0.161 ng L�1).45 However,

P
PFAS (1.47 ng L�1) and PFOS (0.118

� 0.052 ng L�1) concentrations were much lower in that
particular study.45

In the seawater samples, PFOS was the most dominant
compound (Fig. 2, Table S13†). Depth proles in the ord based
on the three sampling levels (surface, subsurface, and bottom
waters) showed that PFAS were detected throughout the water
column of the Adventord (St1–St4). At station 3 and station 4,
which was the reference station,

P

14
PFAS concentrations

increased with depth, indicating a PFAS contribution from the
deep marine water in contact with the bottom sediments. In
contrast, in station 2, which receives direct runoff from the
airport,

P

14
PFAS decreased with depth, while in station 1

(impacted by the active FFTS) the highest
P

14
PFAS value was

found in the mid water column. In a previous study where
surface water samples were collected in the coastal zone just
outside Longyearbyen in the Adventord during May 2006 the
P

14
PFAS concentrations were 0.73 ng L�1,45 which is lower than

reported herein. Although this may indicate a temporal increase
in PFAS levels in the Adventord, the differing concentrations
may also be due to seasonal variations in runoff from the point-
sources caused by snow-melting and/or precipitation events.
Nevertheless, the PFAS concentrations in the Adventord are
higher than those previously reported for the open North Sea
and Norwegian Sea (0.01–0.07 ng L�1),46 indicating that the local
point-sources contribute to the levels of PFAS in the
Adventord.

Contribution of different PFAS sources to water pollution

The differences in the PFAS distribution patterns between water
samples were considered to be indicative of the different input
from the different PFAS sources. A principal component anal-
ysis (PCA), using PFAS proles, i.e. individual PFAS are
expressed as percentages of the

P

14
PFAS, was used to investigate

groupings between sample locations (Fig. S5†). The PCA
revealed that the water samples were distributed into ve
distinct groups: (1) marine water samples, (2) the snow sample,
(3) LY-river, (4) FFTS-pond, FFTS-creek, and (5) landll leachate
and Ref-creek.

Concentrations of PFHxA, PFBS and PFOS were 1.7 to 5 times
higher in the LY river compared to Ref-creek. The samples from
LY-river represent glacial meltwater as well as run-off from the
town of Longyearbyen, whereas the Ref-creek sample represents
meltwater from the annual snowpack. PFBS is known as a major
contaminant in wastewater effluents.47 Thus, a signicant local
source of PFAS originating from the Longyearbyen settlement
has most likely resulted in the elevated PFAS concentrations in
the downstream part of the LY-river.45 In contrast, PFHpA and
PFNA were detected at higher concentrations in the Ref-creek
than in the LY-river, which might indicate that their source is
This journal is © The Royal Society of Chemistry 2021
more due to atmospheric transport than a local source. Previ-
ously, PFOA and long-chain PFCA were detected on particles
collected from the Arctic atmosphere.9 Due to their limited
commercial production,48 the presence of long chain PFCA with
C $ 10 in the river and the snow, points towards long range
transport and atmospheric oxidation of PFAS precursors to
terminal end products, and their subsequent atmospheric
deposition.14,21 However, these compounds were detected at
LOQ concentrations as depicted in Table S13.†

The concentration ratio of PFOA to PFNA (C8 : C9) in Ref-
creek was 1.2 � 0.2, whereas it was 1.9 � 0.1 in the LY-river
sample. Ratios observed in an Arctic ice core, which was
presumed to receive input solely from the atmosphere degra-
dation of precursors were 1.5 � 0.8.21 Further study of remote
Arctic ice cores found that PFCA molar ratios of even–odd pairs
were typically less than 2 and and greater than 0.5.49 This is
close to the ratio of C8 : C9 in the snow sample in this study
(1.63� 0.04). Although this is inline with the C8 : C9 ratios from
remote Arctic locations, further snow sampling is required to
understand if this as a result of atmospheric precursor degra-
dation at this site, given its proximity to known sources.

Possible sources of PFAS in snow could include marine
aerosols,50 direct local contamination35 and long range trans-
port of PFAS precursors and, their subsequent degradation and
deposition.21 Previous studies in Longyearbyen concluded that
direct local inputs45 were more important than inputs from the
atmospheric degradation of precursors or marine aerosols.

The concentration of L-PFOS (6.07 ng L�1, 54.7% of
P

14
PFAS)

in the snow sample in this study was signicantly higher than
PFOS previously reported in snow and ice cores at remote sites
in Svalbard and the wider Arctic.35 This suggests a signicant
local source, such as from reghting training at the active coal
mine (1.3 km from the sampling site), or from known local PFAS
sources such as the FFTS (16.1 km).

Concentration and distribution patterns of PFAS in sediment

Fig. 2 shows the concentration of PFAS in the sediments
sampled at the landll leachate channel and the Adventord.
All individual concentrations are listed in Table S14.† Concen-
trations of

P

14
PFAS were higher in the sediment from the landll

(81.65 � 2.13 mg kg�1) than in sediment from the ord
(maximum

P

14
PFAS ¼ 4:61� 3:92 mg kg�1) (Fig. 1 and Table

S14†), reecting, similar to in the water samples, the difference
in PFAS input. In sediment collected from the landll,

P
PFOS

(average concentration 45.4 � 1.54 mg kg�1) contributed 55%
and PFUnDA contributed 31% to

P

14
PFAS (Table S14†). The high

concentrations of PFAS in the sediment from the landll are
likely due to a combination of settling leachate particles as well
as sorption of PFAS to the peat that dominated sediments at the
landll site.51 It has previously been reported that FTOH in
sediments can be biodegraded to PFCA44 and this may explain
the presence of long chain PFCAs in sediment samples of the
landll (PFCA C10, C11, C12, C13 and C12 at 0.86, 25.5, 0.69, 4.21,
and 0.04 mg kg�1 respectively) given that these compounds only
have a limited number of direct applications in products. It is
Environ. Sci.: Processes Impacts, 2021, 23, 588–604 | 593
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worth mentioning that PFAS emission from this landll is
considered low as the cold climate of Svalbard limits the volume
of leachate production which has been estimated as 25 000 m3

per year.33

Concentrations in the marine sediments from the Adven-
tord were generally low (Fig. 3 and Table S14†). However, the
P

14
PFAS in the marine sediment samples collected in the vicinity

of FFTS inuenced sites (St1 and St2;
P

14
PFAS ¼ 2:54� 1:64)

were signicantly higher (Mann–Whitney-U-test, p < 0.02) than
P

14
PFAS in sediment samples from the reference station

P

14
PFAS ¼ 0:160� 0:027 (Fig. 2 and Table S14†). This conrms

that there is a contribution from local sources to levels of PFAS
observed in the marine sediments. 6:2 FTS was detected in all
samples collected from station St1 (inuenced by the active
FFTS) at an average concentration of 4.0 mg kg�1. 6:2 FTS was
the most predominant compound (86% of

P

14
PFAS) at this

station followed by PFOS (10%). PFOS was the most dominant
compound in sediment samples collected from St2 (inuenced
by airport runoff), accounting for 45% of

P

14
PFAS. This indicates

that this station was inuenced by the FFTS. Long chain PFCAs
(C8–C14) are the most predominant compounds (69% of
P

14
PFAS) in sediment collected from the background station,
Fig. 3 Average concentration of PFAS (mg kg�1 ww) detected in biota s
polychaetes; (C) local crab samples (standard error of the mean is given
vicinity of Longyearbyen (Svalbard, standard error of the mean is given i

594 | Environ. Sci.: Processes Impacts, 2021, 23, 588–604
St4, followed by the PFBS (18%) and PFOS (7%), indicating at
least a different source.
Concentration and distribution patterns of PFAS in pelagic
marine biota – zooplankton

Fig. 3 shows the PFAS concentrations (mg kg�1 ww) in
zooplankton (dominated by Calanus spp.) collected from St1–
St4. PFAS were quantied in zooplankton at low concentrations
(0.342–2.03 mg kg�1 ww). This can be attributed to the low levels
of PFAS observed in the water column. Long chain PFCA (C8–

C13) dominated the proles at St1 (67% of
P

14
PFAS) and St4 (48%

of
P

14
PFAS) with a maximum concentration observed for

PFUnDA (0.045 mg kg�1 ww). 6:2 FTS dominated the prole at
St2 which is directly impacted by FFTS emissions (accounting
for 82% of

P

14
PFAS, 1.9 mg kg�1 ww). 6:2 FTS was the second

most predominant PFAS in St1 which is also impacted by FFTS
emissions (accounting for 26% of

P

14
PFAS, 0.19 mg kg�1 ww).

The occurrence of 6:2 FTS in nine of the twelve zooplankton
samples conrms its bioaccumulation potential which has been
reported recently for invertebrates near a military airport.25

Although neither PFHxA, nor PFHpA, were detected in any
zooplankton samples, the short chain PFAS, PFBS was detected
in four of the twelve zooplankton samples investigated at
amples in the vicinity of Longyearbyen (Svalbard); (A) zooplankton; (B)
in Table S17†); (D) local fish samples (muscle and liver) collected in the
n Tables S19 and S20†).

This journal is © The Royal Society of Chemistry 2021
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a maximum concentration of 0.735 mg kg�1 ww, conrming that
PFSA are more bioaccumulative than PFCA.52 Studies reporting
PFAS concentrations in zooplankton in the Arctic are sparse in
the scientic literature. PFOS was found at similar concentra-
tions in zooplankton collected in the Baltic Sea 0.10 � 0.02 mg
kg�1 ww.53 A higher concentration range has been reported for
PFOS in zooplankton from the Canadian Arctic, 1.1–2.6 mg kg�1

ww.54

Zooplankton plays an important role in the marine Arctic
food web by transferring energy and carbon based nutrients
from the primary producers (phytoplankton) to higher trophic
levels.55 Therefore, the bioconcentration of PFAS in zooplankton
found in this study indicates an important exposure route of the
marine ecosystem.
Concentration and distribution patterns of PFAS in benthic
invertebrates – polychaetes

Unlike pelagic organisms, benthic organisms live in direct
contact with the sediments, and therefore have the potential to
scrape, tear, and lter sediment.56,57 Ingesting sediments and
absorbing the released PFAS represent their main exposure
pathways.58 Polychaetes are representatives of the local benthic
marine ecosystems and are expected to be indicators of the local
PFAS exposure due to the relative immobility of polychaete
species.59

P

14
PFAS in pooled polychaetes samples collected from

the sediment samples was found in the range of 0.90 to 7.0 mg
kg�1 ww (Fig. 3 and Table S17†). Similar to in the marine
sediments, the maximum average

P

14
PFAS was observed in

samples collected from the FFTS impacted station St1 (7.0 �
0.95 mg kg�1) and the minimum

P

14
PFAS was observed in

samples collected from the reference station (St4, 1.1 � 1.7 mg
kg�1). However, this difference was not found to be statistically
signicant (p > 0.05). PFOS was the predominant PFAS in most
polychaete samples accounting for 22% (St4) to 67% (St1) of the
P

14
PFAS. Long chain PFCA (C9–14), PFOS, and FOSA were detec-

ted in all polychaete samples from all stations. 6:2 FTS was also
detected in three of the four samples at low concentrations
(<LOQ – 0.60 mg kg�1 ww) with the exception of the reference
station (St4). On average, 6:2 FTS occurs at the highest
concentration in the active FFTS inuenced station St1 (0.60
mg kg�1 ww), followed by station St3 (0.58 mg kg�1 ww). The
detection of 6:2 FTS in polychaetes and sediment might
indicate that sediment is a potential source for this PFAS in
the marine ecosystem. In a previous study 6:2 FTS was
detected in benthic invertebrates collected from the Cana-
dian High Arctic at 0.43 � 0.74 mg kg�1 ww.60 Much higher
concentrations (up to 630 mg kg�1 ww) were measured in
earthworms collected from a AFFF impacted site at a major
Canadian Airport.61 Therefore the present study conrms the
bioaccumulation potential of 6:2 FTS in invertebrates.
PFHpA was detected at St 2 at concentrations of 0.12 mg kg�1

ww. Since PFHpA was not detected in sediment samples, this
might indicate that this short chain PFCA is a biotransfor-
mation product of PFAS precursors. Ruus et al.62 also
This journal is © The Royal Society of Chemistry 2021
reported PFAS at the same concentration range in poly-
chaetes collected from the densely populated Oslo Fjord (0.1
to 1.6 mg kg�1 ww). The levels of PFAS found in the current
study were, however, considerably lower than those
measured by Lescord et al. 201560 in Canadian benthic
invertebrates in Arctic fresh water lakes inuenced by AFFF
from airport activities (12–466 mg kg�1 ww).
Concentration and distribution patterns of PFAS in crabs

Concentrations of PFAS determined in 18 samples (whole body)
of great spider crab (Hyas Araneus) (body weight ¼ 76 � 8 g)
collected from the four stations are shown in Table S18† and
Fig. 3. PFCA (C6,7,12) were not detected in any crab samples,
indicating that these compounds were not enriched in crab
tissues at detectable concentrations. In general, somewhat
higher PFAS levels in crabs collected from contaminated sites
(stations St1–3,

P

14
PFAS ¼ 3.75 � 0.77 mg kg�1 ww, p ¼ 0.059)

1.28 � 0.95 were found compared to the reference station (St4,
P

14
PFAS ¼ 1.28 � 0.95 mg kg�1 ww). Long chain PFCA (C8–

11,13,14), FOSA, and PFOS were the predominant compounds in
local crab samples with average percentage contributions to
P

14
PFAS of 28, 18, and 15%, respectively. However, PFBS domi-

nated the prole of crab samples collected from the contami-
nated stations (St1–3) with average percentage contributions to
P

14
PFAS of 33% but was not detected in any crab sample

collected from the reference station (St4, n ¼ 7).
PFHxS was found in a single crab collected at St2 at 0.14 mg

kg�1 ww. FOSA was detected in all individuals collected from all
stations at trace concentration ranging from 0.1 to 0.4 mg kg�1

ww. 6:2 FTS was quantied in only two crab individuals
collected from station St1 at an average concentration of 0.66 �
0.43 mg kg�1 ww. A comparison between PFAS concentrations
detected in crab samples from FFTS inuenced sites (St1 and
St2) and in those collected at the reference site (St4) is shown in
Fig. 6.

P

14
PFAS in FFTS contaminated crabs was signicantly

higher than in individuals from the reference site. This clearly
indicates the contribution of the local sources to the levels of
PFAS in crabs.

No correlation was observed between the biological param-
eters of crab individuals (size and weight, data not shown) and
the concentrations of

P

14
PFAS. Similarly, no correlation was

observed between crab sex and
P

14
PFAS levels. However, the

highest
P

14
PFAS (9.5 mg kg�1) was observed in a female indi-

vidual collected from the FFTS impacted station (St2), and the
lowest

P

14
PFAS (0.37 mg kg�1) was observed in a male crab

collected from the reference station (St4).
Previous studies reporting the concentration of PFAS in

crabs are limited. In general, levels of PFAS determined here
were in the lower range compared to previously reported levels
for a military airport in Norway.25 Langberg et al.25 reported
average levels of 5.50 � 0.80 and 3.92 � 0.79 mg kg�1 ww for
Environ. Sci.: Processes Impacts, 2021, 23, 588–604 | 595
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PFOS in green shore crab (Carcinus maenas) and great spider
crab respectively, collected at a military airport in Norway.
These levels are higher than PFOS levels found in the current
study (average 0.28 � 0.04 mg kg�1 ww). Similar, the authors
reported higher 6:2 FTS concentrations (5.57–56.8 mg kg�1) in
great spider crab collected nearby the emission source
compared to the average concentration observed at St1 in the
present study where two individuals had quantiable concen-
trations of 6:2 FTS (0.66 � 0.43 mg kg�1 ww). Higher PFOS
concentrations (3.70–39.00 mg kg�1 ww) were also reported for
mud crab (claw meat) from a contaminated Australian coastal
estuary.63 PFOS at relatively high levels (38–82 mg kg�1 dry
weight) were measured in swimming crab collected from a river
located in an industrial area of Tianjin, China.64

PFBS was detected at higher whole body concentrations (up
to 8.5 mg kg�1 ww at St 2) than reported by Langberg et al.25 and
was detected in 1 to 3 individuals at all impacted stations (St1–
3). This indicates that PFBS has a bioaccumulation potential in
crabs. This contradicts the pharmacokinetics reported for PFAS
in rats, monkeys, and humans,65 although PFBS has been
recently reported at 0.08 � 0.11 mg kg�1 ww (whole body) in
crabs (Goniopsis cruentata),66 and at trace levels in polar bear
plasma (max 0.69 mg kg�1).53,67–69 Alternatively, PFBS in sedi-
ment can be an additional source for the invertebrates investi-
gated. Higher PFBS concentrations were measured in sh
tissues (<LOD to 16.90 ng g�1 of ww) from Yadkin-Pee Dee River,
USA.70 Penland et al.70 assumed that the biotransformation of
an unquantied PFBS precursor may be responsible for the
unexpected high level of this compound.

Concentration and distribution patterns of PFAS in marine
sh

PFAS levels were determined in muscle and liver samples of
individuals from two species (sculpin and wolffish, as described
earlier) collected from St1–St4, as summarized in Fig. 3, Tables
S19 and S20.† Overall, low levels of PFAS were found in sh
muscle samples (range

P

14
PFAS of 0.170–1.68 mg kg�1 ww)

compared to liver samples (
P

14
PFAS ranged from 0.72 to 24.0 mg

kg�1 ww). However, compared to water concentrations, PFAS
enrichment (bioaccumulation) was seen for several PFAS in
both muscle and liver (see Tables S19 and S20†).

For muscle samples (sculpin: n¼ 26 and wolffish: n¼ 3) long
chain PFCA (C8–14), FOSA, PFHxS, as well as PFOS were detected
in all samples investigated, whereas the short chain PFCA
(PFHxA and PFHpA), and 6:2 FTS were not detected in any
muscle sample. Likewise, PFBS was not detected in any muscle
sample, and only in the liver of tow sculpin individuals at
around 0.9 mg kg�1 ww concentration. PFOS was the predomi-
nant compound detected in all liver samples (sculpin: n ¼ 13
and wolffish: n¼ 4) at an average concentration of

P
PFOS 2.2�

0.27 mg kg�1 ww. The average contribution of PFOS to
P

14
PFAS in

sh liver was 40 � 5%, and 18 � 2% in muscle. The higher
abundance of PFOS in liver conrms that PFOS tends to bio-
accumulate in the liver compared to muscle tissue. This is in
agreement with previous studies conducted on PFAS and PFOS
596 | Environ. Sci.: Processes Impacts, 2021, 23, 588–604
specically.71–74 In contrast, PFHxS showed a high contribution
to

P

14
PFAS inmuscle (31� 11%;maximum concentration¼ 0.48

mg kg�1 ww) compared to liver (28 � 4%; maximum concen-
tration ¼ 3.0 mg kg�1 ww). Likewise, the contribution of long
chain PFCA (C8–14) to

P

14
PFAS was 33 � 5% and 26 � 3% in sh

muscle and liver, respectively. PFUnDA was the most predom-
inant of these long chain PFCA detected at a maximum
concentration of 0.127 mg kg�1 ww (in muscle) and 1.55 mg kg�1

ww (in liver) of individuals collected from St1.
Quantiable concentrations of PFHxA (0.16 � 0.10 mg kg�1

ww, average for 3 individuals out of 10) were detected in liver of
individuals collected from St 3.

As expected for the benthic sculpin species, which do not
migrate over signicant distances,75 muscle samples of indi-
vidual collected from the FFTS inuenced stations (St1 and 2)
showed signicantly higher

P

14
PFAS concentration (0.955 �

0.127 mg kg�1 ww; p ¼ 0.030) than in individuals from the
reference site (St4) (0.523 � 0.127 mg kg�1 ww). Although, this
difference is insignicant in liver samples (5.34 � 1.74 and 5.20
� 2.89 mg kg�1 ww in FFTS impacted station and the reference
site, respectively), the highest average

P

14
PFAS concentration

was observed in liver of sh collected from the FFTS impacted
station (St1; 24.0 mg kg�1 ww) and the lowest was observed in the
liver of the individual collected from the reference station (St4;
0.72 mg kg�1 ww). There were no signicant differences in PFAS
concentrations observed between the two investigated sh
species, although differences in specic accumulation and
elimination behaviour of individual PFAS have been found for
different sh species in Lake Ontario.73

Overall, the PFAS prole in sh investigated here is consis-
tent with the PFAS prole of sh collected from AFFF impacted
waters.76 Data for PFAS levels in Arctic coastal sh populations
is limited. In a previous study, PFOS and FOSA dominated in
livers from the same sculpin species (Myoxocephalus scorpius)
sampled close to a city or settlement from Iceland and the Faroe
islands.74 PFHxA constituted a signicant proportion of the
P

PFAS in sculpin livers from Iceland.74 These authors reported
similar PFAS concentrations (

P

8
PFAS < 10 mg kg�1 ww) in

sculpins collected from Faroe Islands, and higher PFAS
concentrations (

P

8
PFAS > 60 mg kg�1 ww) in those from Iceland.

Based upon the current results, bioaccumulation factors (BAF)
were calculated for selected PFAS where concentrations were above
the LOQ for both water and sh (Table S21†). The log BAFs of the
investigated PFAA in the sh liver were higher than in the muscle,
which is consistent with a recent study.77 For instance, the
tendency of PFOS to bioconcentrate in liver rather than shmuscle
is clearly shown (Tables S19 and S20†), as previously reported.78

This is most likely due to the affinity of PFAS to bind to proteins
involved in fatty acid transport and metabolism such as liver fatty
acid binding proteins.79,80 In line with several previous studies,
log BAFs of PFCA positively correlate with the peruorinated
carbon chain length.73,77 log BAF increased from PFOA
(log BAFmuscle ¼ 2.09 � 0.103 and log BAFliver ¼ 2.87 � 0.210) to
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0em00510j


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 8

:1
0:

33
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PFDA (log BAFmuscle ¼ 3.19 � 0.161 and log BAFliver ¼ 3.78 �
0.357). However, PFUnDA showed lower log BAF (log BAFmuscle ¼
2.61 � 0.110 and log BAFliver ¼ 3.41 � 0.221), possibly due to
a decreased gill permeability.73 A similar trend was observed for
forage sh from Etobicoke and Spring Creeks nearby Toronto
International Airport where the author reported comparable
log BAFliver values.81 However, differences in sh species and diets
are the important factors for PFAS accumulation, and hence
determine BAF values.

In the current study, PFOS liver/muscle concentration ratios
calculated for individual sh ranged between 5 and 52 with an
average of 18. These ratios are comparable to most previously re-
ported values for different sh species collected from various loca-
tions. For instance, Pan et al.71 reported ratios for PFOS ranging
from 6.9 to 42 for sh species collected from Chinese rivers. Becker
et al.82 reported a value of 9.5 for PFOS in chub from aGerman river.
In addition, Nania et al.83 reported a ratio of 61.5 for different
pelagic and benthic marine shes collected from the Mediterra-
nean Sea, which is comparable to the range in the current study.
Concentration and distribution patterns of PFAS in glaucous
gull (Larus hyperboreus)

The occurrence of a multitude of organic pollutants (including
PFAS) in seabirds is one of the main causes of concern for
seabird species in the Norwegian Arctic. Previous analyses of
glaucous gull samples collected from Svalbard have detected
several organic pollutants accumulated in their tissues.84–86 It
has been estimated that the breeding population of the glau-
cous gull on Bjørnøya in the Svalbard archipelago declined with
65% from 1986 to 2010 mainly due to elevated pollutant levels.87

Glaucous gull represents a high trophic level in the Arctic
marine food web. In this study, 20 glaucous gulls were collected
in the vicinity of Longyearbyen and analysed for PFAS. In total, 9
PFAS could be quantied in 20 glaucous gull livers as shown in
Table S22† and Fig. 4. PFOS was the predominant PFAS detected
Fig. 4 PFAS concentration measured in glaucous gull individuals (n ¼ 20
The horizontal bisecting lines show the medians; boxes show the first an
represent concentrations > 1.5 times the interquartile range from the ed

This journal is © The Royal Society of Chemistry 2021
in all individual samples at concentrations varying from 12.7–
433 mg kg�1 ww, representing approximately 80% of

P

14
PFAS.

Haukås et al.88 reported a concentration of 65.8 � 22.4 mg kg�1

ww (n ¼ 9) for PFOS in glaucous gull livers collected in the
Eastern Barents Sea close to Svalbard, which is slightly higher
than the PFOS concentration reported herein (55.0 � 20.5 mg
kg�1 ww). Tomy et al.54 reported PFOS concentrations (20.2 �
3.9 mg kg�1 ww) in glaucous gulls livers sampled in 2007 from
Eastern Arctic background locations which were approximately
40% of the herein reported concentrations.

The second most abundant PFAS group was the odd-
numbered long chain length PFCA (C9, C11, C13), which were
detected at high concentration (3.16 � 0.375, 4.38 � 0.556, 1.55
� 0.351 mg kg�1 ww, respectively) compared to the even-length
PFCA homologues (8, 10, and 12 14, at 0.101 � 0.025, 1.95 �
0.190, 0.710� 0.078 and 0.182� 0.015 mg kg�1 ww respectively).
This means that the odd-numbered PFCA was higher than the
adjacent shorter even-numbered PFCA. This is in agreement
with recent studies conducted on PFASs in plasma samples of
glaucous gull from Svalbard.86,89 This observation has also been
made for other Arctic biota, including sh, birds and
mammals.90 Long-range transport and degradation of FTOHs is
assumed as a source for the observed long-chain PFCAs in arctic
animals.18 Strong positive correlations were observed between
PFOA and PFNA and between PFDA and PFUnDA (r > 0.7, p <
0.001), conrming their similar source. In contrast PFCA
showed strong negative correlations with PFOS, suggesting
a different source and transformation pathway (r > 0.8, p <
0.001). Assuming that the source of the long-chain PFCAs is the
transformation of typically even-numbered FTOHs which
degrade into odd and even-numbered PFCAs at similar yield,
the abundance of odd-numbered PFCAs of higher chain length
can be attributed to the higher bioaccumulation.18 For instance,
8 : 2 FTOH forms both PFOA and PFNA in equal yields, but as
PFNA is more bioaccumulative,91 suggesting that glaucous gull
samples carry a higher load of PFNA than the even-numbered
) collected in the vicinity of Longyearbyen (Svalbard) sampled in 2018.
d third quartiles; whiskers represent the interquartile range. The circles
ge of the box.
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homologue PFOA. Likewise, the degradation of 10 : 2 FTOH and
12 : 2 FTOH and the subsequent bioaccumulation interpret the
higher abundance of PFUnDA compared to PFDA and PFTrDA
compared to PFDoDA.

Overall, high individual variability in distribution of PFAS in
the livers of the collected glaucous gulls was observed, indi-
cating individual differences in their feeding habits. Glaucous
gulls have opportunistic feeding habits throughout the year,
feeding on food items from human wastes, and preying on
other seabirds, such as little auks (Alle alle) and black-legged
kittiwakes (Rissa tridactyla), as well as sh, crabs and
amphipods.92–94

At Svalbard, the glaucous gull (Larus hyperboreus) is consid-
ered the most important avian predator and occupies the same
ecological niche as birds of prey further south.94 Most bird
species in Svalbard migrate to Greenland and the open Barents
Seas outside the nesting season.87 Some glaucous gulls also
winter in the restricted ice-free waters near shore off Svalbard,87

although the wintering locations of the sampled individuals are
not known. Food related uptake is today considered the main
source of PFAS for seabirds, however other factors can drive
accumulation patterns of PFAS such as metabolic capabilities,
habitat use, or migration.60,95 Although there were no signicant
sex related differences in PFAS levels among the individuals
investigated, female individuals showed a relatively higher
P

14
PFAS concentration 68.2 � 14.7 than male individual 53.0 �

18.0. This agrees with recent studies where sex-related differ-
ences in PFAS concentrations were reported.86,89 Since the gulls
were sampled prior to breeding, it is likely that they have been
exposed to and accumulated PFAS when feeding in their
wintering grounds. Thus, the PFAS body burdens of the bird
constitutes of a mixture of PFAS compounds that have accu-
mulated during feeding in their unknown wintering grounds,
and in the Adventord following their return to Svalbard. This
makes it difficult to conclude on the dominant source. Never-
theless, the

P

14
PFAS liver concentrations in the present gulls
Fig. 5 Relative distribution (mean � SEM) of the sum [
P

] branched PFO
samples in the Longyearbyen area. (Error bars show �standard error of

598 | Environ. Sci.: Processes Impacts, 2021, 23, 588–604
were twice those in the sh livers, clearly documenting bio-
magnication of PFAS. Two gulls had relatively high concen-
trations of PFHxS, that could be related to local sources, but also
could indicate that they wintered in the same area.
Pattern of peruorooctane sulfonate (PFOS) isomers in the
local marine environment

The production of PFOS and peruorooctanesulfonyl uoride
(POSF) based products by 3M was carried out using electro-
chemical uorination (ECF) which resulted in 70 � 1.1% of the
linear isomer and 30 � 0.8% of the branched isomer.7,8 There-
fore, comparing the prole of PFOS isomers (branched and
linear) in environmental samples with their prole in the
technical mixture produced by ECF could provide insights in to
the transport and distribution of PFOS in the environment.96–98

Further, elevated percentages of branched PFOS isomers (Br-
PFOS) caused by the preferential transformation of branched
PFOS precursors can be used as an indicator of the contribution
from PFOS precursors.99 However, this can be complicated by
the fact that PFOS isomer patterns can be signicantly inu-
enced by differences in sorption and by the differential uptake
and elimination of Br-PFOS compared to L-PFOS.99,100 Fig. 5 and
Table S23† show the relative distribution of total branched
PFOS isomer (Br-PFOS) and linear PFOS (L-PFOS) in abiotic and
biotic samples investigated in the current study.
Abiotic samples

From Fig. 5 it is clear that the percentage of the isomers varies
between sample matrices. Overall, it is notable that a reduced
contribution of branched PFOS content was observed in most
biota and sediment samples compared to water. For water
samples, the PFOS isomer prole in run-off from the active FFTS
area (FFTS-creek), appeared similar to the historical 3M ECF
PFOS (30� 0.8% branched isomers), with Br-PFOS contribution
of 30.0 � 0.78% of total PFOS. Likewise, the isomer proles
S isomer (Br-PFOS) versus linear PFOS (L-PFOS) in abiotic and biotic
mean, SEM.)

This journal is © The Royal Society of Chemistry 2021
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observed in LY-river and landll leachate (26.3 � 0.91% and
27.1 � 0.91% Br-PFOS, respectively) are comparable to the
historical 3M ECF prole. Similar isomer proles were observed
in seawater samples (Br-PFOS contribution of 26–29% of total
PFOS), suggesting that a large proportion of the PFOS contam-
ination in seawater can be attributed to these local sources.

In the pond affected by the drainage from the airport and the
old FFTS station, a higher Br-PFOS percentage was found (39.8
� 0.78% of total PFOS). A similar PFOS isomer prole was
observed in AFFF impacted sample collected at the training
ground of a FFTS at Bergen airport, Norway.97 The reason for
this branched enrichment at the pond is unclear, however the
preferential degradation of the branched precursors of PFOS
used at the FFTS and stronger sorption/uptake of L-PFOS are
possible reasons.97,101,102 The limited water exchange between
FFTS-pond water and seawater might be the reason for the
observed branched enriched prole which allowed steady
increase in the percentage of branched isomers over time, while
water exchange reduces the branched isomers in seawater and
river water. The deciency in branched PFOS found in the
surface snow sample could be explained by the preferential
sorption of L-PFOS to the suspended particulate matter frac-
tion.102 It should be noted that the Br-PFOS percentage did not
correlate with the total PFOS concentration change (Fig. S7†). It
has previously been reported that L-PFOS binds more strongly
to organic matter than Br-PFOS, owing to its greater hydro-
phobicity.100 Compared to the marine sediment from the
Adventord, sediment samples collected from the Long-
yearbyen landll showed a higher contribution of L-PFOS. This
can be attributed to the peat like nature of the landll sedi-
ments in which PFAS can partition.51

Biotic samples

The biotic samples were dominated by L-PFOS with percentages
ranging from 78 to 91. This is in agreement with several previous
studies.103 For instance, in minnow (Hemiculter lcucisculus), and
Fig. 6 Average relative composition profile [%] for PFAS in abiotic and
Svalbard Airport. (Levels < LOQwere treated as zero in this figure.) Short-
chained PFSA: PFBS and PFHxS; long-chained PFSA: PFOS.

This journal is © The Royal Society of Chemistry 2021
white shrimp (Exopalaemon), L-PFOS was found to contribute
78.6%and 95.5%of the total PFAS, respectively.103 Similarly, L-PFOS
was found in more than 88% of the biota collected from Lake
Ontario100 andwas predominant in herring gull and polar bear from
the Great Lakes and Arctic.104 These results indicate the selective
bioaccumulation of L-PFOS in biota and/or the preferential excre-
tion of Br-PFOS, which has been documented in different labora-
tory studies.105,106

The PFOS isomer pattern found in all benthic organisms
investigated (polychaetes, crab, benthic sh) was similar to that
found in sediment andmore enriched in L-PFOS than in pelagic
organisms 21.9 � 2.2 (zooplankton). This greater relative
percentage of Br-PFOS in the lowest tropic level could be due to
the exposure of zooplankton to PFOS precursors (e.g. N-
EtFOSE), where branched PFOS precursors are biotransformed
at a higher rate compared to the linear precursors which leads
to an enriched branched PFOS isomer proles.99 Some system-
atic analytical bias resulting from matrix-induced ionization
should be anticipated which is not unusual.107 Therefore,
isomer specic analytical method applying exactly-matched
isotopically-labelled internal standards for all isomers is
needed for accurate isomer proles. However, this does not
diminish the importance of the observed relative differences of
the isomer proles between the samples.

Changes in distribution pattern of PFAS in the local
environment

In this study, the PFAS distribution was characteristically
different for the respective sampled media types. As shown in
Fig. 6 and S6,† the abiotic samples from the assumed point
source zones (FFTS-pond, -creek and landll) contained high
percentages of short and long-chained PFCA, specically PFCA
C6 to C9. This is also characteristic for the samples from LY-river
and the assumed background sample Ref-creek. However, the
source zones also contained 6:2 FTS. The snow sample was
dominated by the long-chained PFSA (PFOS), similar to the
biotic samples collected from the Adventfjord and Isfjord, near the
chained PFCA: PFHxA and PFHpA; long-chained PFCA: C8–C14; short-

Environ. Sci.: Processes Impacts, 2021, 23, 588–604 | 599
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prole observed in seawater. However, the snow sample con-
tained a higher percentage of short-chained PFHxS. The marine
sediment samples were dominated by the long chain PFCA > C10

in addition to 6:2 FTS and PFOS and contained short chain
PFSA. Zooplankton was characterised by the presence of 6:2 FTS
and long chain PFCA in addition to the presence of PFBS and
PFOS. Similar to sediment, PFAS composition in the benthic
organism polychaetes and crabs was dominated by long chain
PFCA, PFOS, and PFBS in addition to some FOSA, and 6:2 FTS.
The characteristic PFAS proles in sh and glaucous gull were
composed of a high proportion of PFOS.

The relative contribution of total PFOS to
P

14
PFAS increased

from zooplankton (30%), polychaetes (36%), crab (30%), sh
(40%), to glaucous gull (72%), which indicates a high bio-
magnication potential of PFOS compared to other PFAS as
previously reported.88,103,108,109 Transformation of PFOS
precursor compounds110 has been suggested to be one reason
for this.103 Supporting this, the relative contribution for FOSA,
which is a PFOS precursor, decreased in our samples from
zooplankton (71%) to crab and polychaetes (21.6 and 5%
respectively) to 0.09% in glaucous gull. This suggests that the
biotransformation of this precursor increases with increasing
trophic level and consequently contributes to the relative
amount of PFOS in the sampled organisms.54,111
Conclusion

The reghting training stations (FFTS) at Svalbard airport and
diffuse release from the local settlement were the major local
PFAS sources. The high concentration observed in landll
leachate illustrates the wide application of PFAS in consumer
products. Thus, local anthropogenic activity represents
a signicant source of PFAS. The much lower concentrations
detected in the seawater samples suggests that following release
from the point sources, signicant dilution of PFAS occurred by
seawater circulation in the coastal waters of the Adventord.

In the marine biota, PFAS levels increased from zooplankton to
polychaete, crab, sh liver and gull liver. The distribution among
the 14 target PFAS changed with increasing trophic level from low
percentages of L-PFOS in in zooplankton and polychaetes to being
dominated by linear PFOS in sh (40%) and gull liver (73%).
Although the possible contribution of local sources to the relatively
high PFAS concentrations in glaucous gulls cannot be evaluated,
the high concentrations in their livers clearly demonstrates the
biomagnication potential of PFAS, in particular L-PFOS. Results
in the current study indicate bioaccumulation potential of
compounds that have been taken into use as substitutes for PFOS,
namely 6:2 FTS and PFBS in marine invertebrates, however they
were not found in organisms at higher trophic levels. Toxicological
information of this compounds remains unclear. Hence, further
studies are needed to investigate the effect of exposure to these
PFAS at the base of the marine food web.
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M. Kvennås, B. M. Jenssen and S. E. Hale,
This journal is © The Royal Society of Chemistry 2021
Bioaccumulation of uorotelomer sulfonates and
peruoroalkyl acids in marine organisms living in
aqueous lm-forming foam impacted waters, Environ. Sci.
Technol., 2019, 53, 10951–10960.

26 J. P. Benskin, B. Li, M. G. Ikonomou, J. R. Grace and L. Y. Li,
Per- and polyuoroalkyl substances in landll leachate:
patterns, time trends, and sources, Environ. Sci. Technol.,
2012, 46, 11532–11540.

27 B. M. Allred, J. R. Lang, M. A. Barlaz and J. Field, Orthogonal
zirconium diol/C18 liquid chromatography-tandem mass
spectrometry analysis of poly and peruoroalkyl
substances in landll leachate, J. Chromatogr. A, 2014,
1359, 202–211.

28 L. J. Ahrens, Polyuoroalkyl compounds in the aquatic
environment: a review of their occurrence and fate,
Environ. Monit. Assess., 2011, 13, 20–31.

29 Statistics Norway, 2020, http://ssb.no/en/befsvalbard/.
30 R. Roura, The footprint of polar tourism: tourist behaviour at

cultural heritage sites in Antarctica and Svalbard, 2011,
Circumpolar Studies Volume 7, University of Groningen,
Groningen, Arctic Centre.

31 M. E. Granberg, A. Ask and G. W. Gabrielsen, Local
Contamination in Svalbard – Overview and Suggestions for
Remediation Actions, Norwegian Polar Institute, Report
044, 2017.

32 A. Kalinowska, M. Szopińska, S. Chmiel, M. Kończak,
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Å. Høiseter, H. M. Grønning, M. Jartun, T. Rundberget,
B. M. Jenssen and S. E. Hale, Paper product production
identied as the main source of per- and polyuoroalkyl
substances (PFAS) in a Norwegian lake: source and historic
emission tracking, Environ. Pollut., 2021, 273, 116259.

99 J. P. Benskin, A. Holt and J. W. Martin, Isomer-specic
biotransformation rates of a peruorooctane sulfonate
(PFOS)-precursor by cytochrome P450 isozymes and
human liver microsomes, Environ. Sci. Technol., 2009, 43,
8566–8572.
604 | Environ. Sci.: Processes Impacts, 2021, 23, 588–604
100 M. Houde, G. Czub, J. M. Small, S. Backus, X. Wang,
M. Alaee and D. C. Muir, Fractionation and
bioaccumulation of peruorooctane sulfonate (PFOS)
isomers in a Lake Ontario food web, Environ. Sci.
Technol., 2008, 42, 9397–9403.

101 Y. Li, X. Feng, J. Zhou and L. Zhu, Occurrence and source
apportionment of novel and legacy poly/peruoroalkyl
substances in Hai River basin in China using receptor
models and isomeric ngerprints, Water Res., 2020, 168,
115145.

102 G. Shan, X. Chen and L. Zhu, Occurrence, uxes and
sources of peruoroalkyl substances with isomer analysis
in the snow of northern China, J. Hazard. Mater., 2015,
299, 639–646.

103 S. Fang, X. Chen, S. Zhao, Y. Zhang, W. Jiang, L. Yang and
L. Zhu, Trophic magnication and isomer fractionation of
peruoroalkyl substances in the food web of Taihu Lake,
China, Environ. Sci. Technol., 2014, 48, 2173–2182.

104 S. Chu and R. Letcher, Linear and branched
peruorooctane sulfonate isomers in technical product
and environmental samples by in-port derivatization-gas
chromatography-mass spectrometry, Anal. Chem., 2009,
81, 4256–4262.

105 J. P. Benskin, A. O. De Silva, L. J. Martin, G. Arsenault,
R. McCrindle, N. Riddell, S. A. Mabury and J. W. Martin,
Disposition of peruorinated acid isomers in Sprague-
Dawley rats; part 1: single dose, Environ. Toxicol. Chem.,
2009, 28, 542–554.

106 R. L. Sharpe, J. P. Benskin, A. H. Laarman, S. L. MacLeod,
J. W. Martin, C. S. Wong and G. G. Goss, Peruorooctane
sulfonate toxicity, isomer-specic accumulation, and
maternal transfer in zebrash (Danio rerio) and rainbow
trout (Oncorhynchus mykiss), Environ. Toxicol. Chem., 2010,
29, 1957–1966.

107 D. A. Miranda, J. P. Benskin, R. Awad, G. Lepoint, J. Leonel
and V. Hatje, Bioaccumulation of per- and polyuoroalkyl
substances (PFASs) in a tropical estuarine food web, Sci.
Total Environ., 2021, 754, 142146.

108 B. C. Kelly, M. G. Ikonomou, J. D. Blair, B. Surridge,
D. Hoover, R. Grace and F. A. Gobas, Peruoroalkyl
contaminants in an Arctic marine food web: trophic
magnication and wildlife exposure, Environ. Sci.
Technol., 2009, 43, 4037–4043.

109 J. W. Martin, D. M. Whittle, D. C. Muir and S. A. Mabury,
Peruoroalkyl contaminants in a food web from Lake
Ontario, Environ. Sci. Technol., 2004, 38, 5379–5385.

110 D. A. Jackson and S. A. Mabury, Polyuorinated amides as
a historical PFCA source by electrochemical uorination
of alkyl sulfonyl uorides, Environ. Sci. Technol., 2013, 47,
382–389.

111 G. T. Tomy, S. A. Tittlemier, V. P. Palace, W. R. Budakowski,
E. Braekevelt, L. Brinkworth and K. Friesen,
Biotransformation of N-ethyl peruorooctanesulfonamide
by rainbow trout (Oncorhynchus mykiss) liver microsomes,
Environ. Sci. Technol., 2004, 38, 758–762.
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0em00510j

	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j

	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j

	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j
	The fate of poly- and perfluoroalkyl substances in a marine food web influenced by land-based sources in the Norwegian ArcticElectronic supplementary information (ESI) available. See DOI: 10.1039/d0em00510j


