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fjords.

• Sediment particle concentration re-
vealed similar levels to other Arctic
studies.
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• Non-invasive method to investigate in-
teraction of marine mammals with
microplastics
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walrus faeces averaging 34 particles/kg
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The Arctic ecosystem receives contaminants transported through complex environmental pathways – such
as atmospheric, riverine and oceanographic transport, as well as local infrastructure. A holistic approach is
required to assess the impact that plastic pollution may have on the Arctic, especially with regard to the
unseen microplastics. This study presents data on microplastics in the Arctic fjords of western Svalbard,
by addressing the ecological consequences of their presence in coastal surface waters and sediment, and
through non-invasive approaches by sampling faeces from an apex predator, the benthic feeder walrus
(Odobenus rosmarus). Sample locations were chosen to represent coastal areas with different degrees of
anthropogenic pollution and geographical features (e.g., varying glacial coverage of catchment area, winter
ice cover, traffic, visitors), while also relevant feeding grounds for walrus. Microplastics in surface water
and sediments ranged between <LOD (limit of detection)-3.5 particles/m3 and <LOD-26 particles/kg dry
weight, respectively. This study shows that microplastics may also enter the Arctic food web as the
microplastic concentration in walrus faeces were estimated at an average of 34 particles/kg. Polyester
was identified by Fourier transformation infrared spectroscopy (FT-IR) as the most common plastic poly-
mer (58% in water, 31% in walrus), while fibres were the most common shape (65% water, 71% in sediment,
70% walrus). There was no significant difference in microplastic occurrence between water samples from
populated or remote fjords, suggesting that microplastics are a ubiquitous contaminant which is available
for interaction with Arctic marine animals even at distances from settlements. The present study
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contributes to our understanding of microplastics in the remote Arctic ecosystem. It also identifies the potential
of non-invasive sampling methods for investigating Arctic pinnipeds. This approach will need further develop-
ment and standardisation before utilisation to monitor plastic pollution in other marine mammals.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

TheArctic –once regarded as a pristine environment–has succumbed
to increasing anthropogenic pressures such as legacy contaminants, cli-
mate driven changes and anthropogenic impact (AMAP, 2016, 2017). In
recent years, many researchers have begun to investigate the sources
and quantities of plastics on Svalbard. It appears that almost all investi-
gated locations in the Arctic have displayed some level of contamination
from plastics including shorelines, the deep-sea floor, surface waters
and biota (Halsband and Herzke, 2019; Tirelli et al., 2020).

The presence of plastic pollution has been posited to be linked to
local and distant sources, with distribution driven by a complex system
of anthropogenic and environmental processes.Multiple entry routes of
plastic to the Arctic environment have been highlighted including
routes directly related to human activity and settlements – such as
wastewater, dumping and equipment losses. Other entry routes include
environmental processes related to atmospheric, riverine and oceanic
transport (PAME, 2020 and references therein). Despite several studies
investigating pathways of microplastics (<5 mm) into the Arctic envi-
ronment, it is difficult to understand the mechanisms of transport and
fate. Harmonisation of analyses and improvement of data presentation,
which includes larger data sets with quality assurances have gained in-
creased focus amongst scientists (Brander et al., 2020; Cowger et al.,
2020). There is a need for comparable datawith standardised quality as-
surance to allow us to identify sources and at-risk areas, to develop
mitigation strategies, and implement science-based management
(Lusher et al., 2020; von Friesen et al., 2020).

Currently, efforts towards understanding plastic andmicroplastic pol-
lution in theArctic suggest that the quantities offloating plastic fragments
observed in the Barents Sea may correspond to a “plastic conveyor belt”
associated with the global thermohaline circulation (Cózar et al., 2017),
and those identified in the Kara Sea are driven by riverine input
(Yakushev et al., 2021). However, local point sources should not be
ruled out, as has been shown in samples collected in the vicinity
of wastewater treatment plants in Ny-Ålesund (von Friesen et al.,
2020). Prior to 2007, waste generated in themain settlement on Svalbard
(Longyearbyen, 2400 habitants) was buried or burnt. After 2007,
almost all waste has been shipped to the Norwegian mainland.
Wastewater from Longyearbyen and the Russian settlement, Barentsburg
(470 habitants), is not treated before it is release into themarine environ-
ment. Other local sources may be connected to dumping sites, shipping,
fishing, as well as land and ocean-based industries (Granberg et al.,
2019). Svalbard is also receiving an increased number of tourists each
year and the current infrastructuremay not have suitable waste handling
facilities to prevent contamination (Granberg et al., 2019). Marine litter
on beaches are dominated by fishing gear and packaging materials
(OSPAR, 2021).

Microplastics have been found in both coastal and offshore environ-
ments of Svalbard (e.g., Kanhai et al., 2020; Lusher et al., 2015) as well
as in several other areas of the Arctic Ocean, including Arctic and sub-
Arctic biota (PAME, 2020; Tirelli et al., 2020). Samples obtained closer to
the coast tend to have elevated microplastic concentrations, especially
with regard to proximity to urban settlements and wastewater facilities
(von Friesen et al., 2020). Microplastics have also been reported in sea
ice, and it has been suggested that the annual formation of ice could con-
tribute to the flux of plastics in and around the Arctic regions (Kanhai
et al., 2020; Obbard et al., 2014; Peeken et al., 2018). In addition to
these sources, atmospheric transportation of microplastics into the Arctic
has recently been suggested as a potential transport mechanism. This has
2

barely been investigated, and the size and importance of atmospheric
transport in addition to direct human activity, rivers and long-range oce-
anic transport is not known (Evangeliou et al., 2020; Zhang et al., 2020).

The presence of microplastics in the environment raises concern for
the Arctic ecosystem and it is critical to understand the sources, distribu-
tion and fate of these particles, including the consequences on Arctic spe-
cies (Tirelli et al., 2020). Before studies into the consequences are initiated
it is first necessary to determine whether microplastics can be identified
in trophic systems. Studies have shown that animals from the Arctic
and sub-Arctic are ingesting microplastics, including fish (Bråte et al.,
2016; de Vries et al., 2020; Kühn et al., 2018), bivalves (Bråte et al.,
2020) and birds (Bourdages et al., 2021; Hamilton et al., 2021). Marine
mammals are exposed to microplastics through the ingestion of prey,
whether passively through filter feeding, or through what is termed
“trophic transfer”bywhich aprey species is pre-exposed to, and therefore
contains microplastics, and is subsequently ingested by a predator (Panti
et al., 2019). As marine mammals do not drink seawater, this is not as-
sumed as a major exposure pathway when compared to feeding.

Data on microplastics in marine mammals comes mostly from tem-
perate studies and as observations following strandings and bycatch
post-mortems, as well as faecal pellet analysis (reviewed in Zantis
et al., 2021). Unfortunately, there is limited evidence of the conse-
quences for the apex predators in the Arctic, like the walrus
(Odobenus rosmarus). Walrus are predators which feed on benthic pri-
mary consumers - predominantly the clam Mya truncata. Walrus feed
in shallow areas - and have a shorter trophic chain than other Arcticma-
rine mammals (Gjertz and Wiig, 1992; Norwegian Polar Institute,
2021). Since wind and waves may transport microplastics from the
upper surface water towards the benthic zone, shallow benthic feeders
may be exposed to microplastics with a lower density than sea water.
Clams filter particulate matter from the water column which may in-
cludemicroplastics. There is already abundant literaturewhere bivalves
collected from sub-littoral areas contain microplastics following water
filtration (Bråte et al., 2020). This suggests that if microplastics are
within clams when they are preyed upon, trophic transfer could facili-
tate uptake to the walrus. The shallower feeding and the higher poten-
tial of water mixing (winds, waves), which exposes filter feeders to
microplastics, suggests that walrus could be exposed through trophic
transfer. Furthermore, as walrus feed at the interface between water
and sediment, any microplastics which settle on the surface of sedi-
ments could also be ingested.

The purpose of the present study was to investigate the effects of
microplastics in Arctic fjord ecosystems by (1) quantifying the presence
ofmicroplastics in coastal surfacewaters and sediments, and (2) address-
ing transfer through the food web to top predators using non-invasive
approaches. The secondary aim of the study was to investigate whether
differences in microplastic concentration could be related to sources of
pollution or environmental characteristics. It was hypothesised that
microplastics would be present at higher levels closer to the populated
areas than remote fjords. We further hypothesised that water mixing
in shallow coastal waters will facilitate microplastics transfer to walrus
feeding on benthic invertebrates.

2. Materials and methods

2.1. Site selection

Svalbard's coastline is characterised by several fjords with glacial
input, with around 60% of the archipelago covered by glaciers and

http://creativecommons.org/licenses/by-nc-nd/4.0/
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snow caps. The Isfjorden system and St. Jonsfjorden, located on west
coast of Svalbard, were chosen as the study areas since they contain
fjords of comparable size and catchment areas, and have populated
and less visited areas within practical distances (Fig. 1). The Isfjorden
system consists of Grønfjorden and Adventfjorden in the south. These
fjords contain the settlements Barentsburg and Longyearbyen, respec-
tively. Longyearbyen is the Norwegian settlement with a population of
around 2400 individuals, while Barentsburg has 455 habitants
(Statistics Norway, 2021). The northern fjord arms of Isfjorden consist
of Dicksonfjorden, Ekmanfjorden and Nordfjorden. These sites were
chosen as remote sites with less summer and winter visitors than the
other fjords within Isfjorden. Ekmanfjorden has glaciers draining di-
rectly into one bay of the fjord and a river delta from land-based glaciers
in the other bay. Dicksonfjorden has two larger river deltas, with land-
based glaciers in one, and smaller snow caps and glaciers in the catch-
ment area of the other delta. The river in Oxaasdalen, drains the small
glacier on Bollen (756 m above sea level) and enters Dicksonfjorden
south of the confluence of the two rivers Huginelva and Nathorstelva.
Nordfjorden is situated between the main open part of Isfjorden and
the entrance of Ekman- and Dicksonfjorden.

St. Jonsfjorden is situated on the west coast of Svalbard. This fjord
was included in the present study as it has a very large glacier-
Fig. 1.Map of sampling locations during the summer/autumn sampling campaigns in Isfjorde
different samples collected (walrus, sediment, and water: pump, manta). Map from the Norwe
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covered catchment area, with few visitors. It is also one of the closest
fjords to the resident walrus (Odobenus rosmarus) colony on the island
of Prins Karls Forland. Thus, St. Jonsfjorden was better suited for water
sampling to avoid disturbing the resident walrus. Finally, Poolpynten,
located on Prins Karls Forland, to the west of St. Jonsfjorden was chosen
for the collection of walrus faecal samples. Walrus are often observed
very close to shore in areas shallower than 100m (90% occurrence), oc-
cupying shallowwaterwheremolluscs occur (Freitas et al., 2009; Gjertz
andWiig, 1992; Hamilton et al., 2015). At Prins Karls Forland, 57% of the
observations of walrus have been in areas with water no deeper than
5 m (Kovacs et al., 2014). Due to logistical challenges (need for larger
ship or divers), clams and sediment were not collected from this site.
Walrus faeceswere possible to collectwithout disturbance to the colony
and hence used in this study.

All sampling was conducted between June and September 2018
(Table 1). A full list of sample types and replicates are presented in the
Supplementary Material (Table S1). Isfjorden along with St. Jonsfjorden
and Forlandssundet – which are situated between Prins Karls Forland
and Spitsbergen – are impacted by the West Spitsbergen Current. This
current system drives water into the southern side of Isfjorden which
then circulates northwards before exiting on the northern coast of
Isfjorden (Nilsen et al., 2016).
n (Grøn-, Advent-, Nord-, Dickson-, Ekman-) and St. Jonsfjorden. The icons represent the
gian Polar Institute.

Image of Fig. 1


Table 1
Samples collected from thewestern fjord of Svalbard using themanta net and pump (wa-
ter) and sediment and walrus faeces during the summer/autumn period 2018.

Site (fjord) and sample
type

Replicates Duration of
sampling
(minutes,
range)

Estimated
volume (range)
of water
(m3)a

Sampling
date

Manta samples
Ekmanfjorden 4 40 120–130 31.08.2018
Dicksonfjorden 2 20–40 80–170 01.09.2018
Grønfjorden 3 30 100–110 02.09.2018
Adventfjorden 5 10–20 30–70 02.09.2018
St. Jonsfjorden 5 15 60 29.06.2018

Pump samples
Ekmanfjorden 1 70 2.8 31.08.2018
Dicksonfjorden 1 70 3.0 01.09.2018
Nordfjorden 1 60 2.6 01.09.2018
Grønfjorden 1 67 2.7 02.09.2018
Adventfjorden 1 70 2.8 02.09.2018
Oxaasdalen 1 70 3.0 01.09.2018

Sediment samples
Huginelva/Nathorstelva
estuary zone,
Dicksonfjorden

6 n.r. 200 g wet
sediment

01.09.2018

Walrus faeces
Poolepynten, Prins Karls
Forland

8 n.r. 100 g faeces 30.06.2018

a Amount of water (average) is given as range per site, estimated from speed of boat,
distance sailed and opening of the manta net. Flow rate was measured for pump samples.

P. Carlsson, C. Singdahl-Larsen and A.L. Lusher Science of the Total Environment 792 (2021) 148308
2.2. Water sample collection and processing

Water sampling was conducted in Adventfjorden, Dicksonfjorden,
Ekmanfjorden, Grønfjorden, Nordfjorden and St. Jonsfjorden. Two
methods of water collection were performed. Firstly, sea surface
water from all fjords, with the exception of Nordfjorden (Table 1),
were sampled using a manta net with a metal framed opening
(0.61× 0.16m) and a cod endnet of 333 μmmesh. The netwas carefully
rinsed with water from the fjord from the outside of the net to avoid
cross-sample contamination before and between each sample. Sam-
pling was carried out between two and five times in each fjord depend-
ing on weather conditions (Table 1), and the net was towed from 10 to
40min at 1–2 knots. Each sample collected in the cod-endof the netwas
transferred into pre-cleaned glass jars, and any visible particles found in
the net were included in the sample. Jars were stored and transported
cold to laboratory facilities where they were stored frozen (−20 °C)
until analysis. Weather and sea conditions were recorded. The volume
of water filtered was calculated using vessel speed and tow duration.

For the second sampling method, a stainless-steel stacked filter sys-
tem (500, 300, 100 μm, KC Research Equipment, Denmark) was used to
sample seawater in all fjords, with the exception of St. Jonsfjorden
(Fig. 1, Table 1). All components (metal filters, the pump and rubber
hoses)were previously rinsedwith pre-filtered tapwater, andmetalfil-
ters were wrapped in tin foil while the rest of material was packed in
hermetic boxes to avoid any external contamination during transport.
Sea surface water was sampled while drifting in 1–2 knots (Table 1).
Weather and sea conditionswere recorded, although samplingwas car-
ried out when optimal conditions occurred (dry, little wind). One sam-
ple with 2–3 filters were collected per fjord in addition to one sample
from the river in Oxaasdalen which drains into Dicksonfjorden.

Water samples were defrosted over night at room temperature be-
fore processing. Each manta sample was flushed through a sieve
(100 μm) and the retained material was rinsed into a gravimetric cylin-
der to which high-saline filtered water (100 g NaCl per 200 mL water)
was added. The pump sampleswere rinsed directly into gravimetric cyl-
inders with the high-saline filtered water. Each sample (irrespective of
sampling method) was left covered to separate for 24 h, after which
4

the floating fraction of water was siphoned off before further clean-up
and analysis. As several of the samples contained organic matter, they
required a further clean-up step with 10% potassium hydroxide (KOH)
solution. The solution was prepared following standard procedures
with filtered water and re-filtering after preparation (Bråte et al.,
2018). The solution was added to each sample with a 3:1 (v/v) ratio.
Each sample was shaken before heating at 50 °C for at least 24 h with
periodic shaking. Once digestionwas complete each samplewas filtered
under vacuum onto GF/F (pore size: 0.7 μm, Ø: 47 mm) or GF/A (pore
size: 1.6 μm, Ø: 47 mm) Whatman filters. Filters were sealed in a petri
dish until analysis.

The project had a secondary objective to test the application of dif-
ferent methodological approaches for water sample collection, the re-
sults of which are presented in the Supplementary Material (Table S1
and Fig. S2).

2.3. Sediment sample collection and processing

The Huginelva/Nathorstelva estuary zone in Dicksonfjorden was se-
lected to collect sediment samples for microplastic analysis. This area is
important because the river discharges through this estuary, and it is an
area relatively close to walrus feeding grounds. A total of six sediment
samples of 200 g were collected at low tide using metal spoons,
wrapped in tin foil and stored in plastic bags frozen (−20 °C) until
analysis.

Sediment sampleswere defrosted overnight at 40 °C before process-
ing. Three sub-samples were taken from each sediment sample, each
weighing around 30 g wet weight. These samples were then dried in
the oven at 60 °C overnight and re-weighed once dry. Each sediment
sample underwent gravity separation in a similarway to thewater sam-
ples (density separation with NaCl), and the liquid fraction was si-
phoned off before a second gravity separation was performed. Both
fractions were filtered under vacuum onto GF/F (pore size: 0.7 μm, Ø:
47 mm) and combined as one sample. Filters were sealed in a petri
dish until analysis.

2.4. Walrus faecal sample collection and processing

Due to economical and logistical reasons, it was not possible to collect
benthic clams. Hence, walrus faeces were chosen to represent benthic
feeders. Walrus faecal samples were collected from the shoreline
haul-out at Poolepynten after recent defecation. The walrus colony at
Poolepynten is known to be feeding on clams (Mya truncata) in the
shallow areas east of Prins Karls Forland, close to their haul-out area. At
the time of sampling the walrus colony consisted of about 15 individuals.
Faecal sampleswere identified at a recent, but unoccupied, haul-out loca-
tion. The walrus were at a second haul-out location >50 m away. Faecal
samples were collected with single-use plastic bags previously checked
for microplastic contamination and stored frozen (−20 °C) for further
analysis. Some of the faecal sampleswere separated by>10m suggesting
that they may have come from different individuals.

Faecal samples were processed following a protocol available in the
literature (Lusher and Hernandez-Milian, 2018), with some modifica-
tion. Subsamples of ~100 g were obtained from themiddle of each sam-
ple for microplastic analysis. This was to avoid any potential
contamination from sampling or settling of airborne fibres to the ex-
posed surfaces of the faeces. The remaining material was stored for
other studies. Samples were rinsed under running filtered water
through a nested sieve stack (1 mm, 500 μm, 25 μm). The obtained ma-
terial was separated between dietary items and any visible plastics. Full
dietary analysis was not the purpose of this study, identifiable items
were noted but no further research was conducted on the other items.
Any material remaining on the sieves were processed through density
separation (CaCl2) and digestion (KOH 10%). Samples were filtered
under vacuum onto GF/F (pore size: 0.7 μm, Ø: 47 mm) Whatman
filters. Filters were sealed in petri dishes until analysis.
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2.5. Microplastic identification

All samples were visually inspected under two types of stereomi-
croscope (M205 C Leica, <16×/Nikon SMZ745T, 20× magnification),
measured (at their longest, length and shortest, width) and
photographed (using Infinity 1-3C/INFINITY 1 Lumenera camera
and INFINITY ANALYZE and CAPTURE software). Visual identification
followed the methods and standards presented in Lusher et al.
(2020) regardingmicroplastics categorization by shape, size and col-
our. Visual identification was supported by Fourier Transform Infra-
red spectroscopy (FT-IR; Cary 630, Agilent/Microscope Spotlight
400, PerkinElmer) to determine the type of plastics recovered.
Some of the particles were too thin to obtain viable FT-IR spectra
for identification and hence, FT-IR was applied in various amounts
across sample types and sites. Further details can be found in the
Supplementary Material. Results are reported as the total amount
of particles detected (visually) but focus on particles confirmed
through FT-IR as microplastic. A particle length of >100 μm was
set as lowest identifiable length to correspond to the mesh sizes
applied in the methods. Therefore, our limit of detection (LOD) is
between 5 mm–100 μm. There were 15 particles that were longer
(<11.7 mm) than the size definition of microplastics used in the
present study (5 mm) and therefore excluded from further analysis.
Microplastics were reported per unit volume (m3) and per unit
weight (kg).

2.6. Quality assurance and quality control

All samples were processed under controlled conditions in laborato-
ries at both Akvaplan-niva (Tromsø, Norway) and the Norwegian Insti-
tute of Water Research (Oslo, Norway). To prevent procedural
contamination in both laboratories, all surfaces were thoroughly
cleaned with pre-filtered alcohol before rinsing with filtered water. All
equipment was cleaned with filtered tap or milliQ water (33 μm/0.22
μm).

In total, 38 blanks were collected from the laboratory (air, liquids,
equipment, n = 33) and in the field (n = 5) to understand procedural
contamination. Two field blanks were collected by rinsing the manta
net and the pump system, respectively with pre-filtered (5 μm) seawa-
ter. These were treated in the sameway as the samples. Field blanks for
the walrus samples consisted of unopened plastic bags (n = 3). Air
blanks were not possible to collect during field work, but procedural
blanks were collected for each batch of samples in the laboratory. If
microplastics were detected in blanks, similar particles (shape, colour,
polymer - if confirmed) that were observed in corresponding samples
were subtracted from the counts.

To minimise contamination sources in the field, plastic materials in
clothes and equipment were avoided to the largest practical extent
and samples were handled up-wind from people as long as feasible.
Only cotton clothing was worn during laboratory work.
Fig. 2. Results frommanta net samples collected in all 5 fjord locations. Data presented is visual
due to uneven application of FT-IR (detailed in SI, Table 1).
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2.7. Statistical analysis and data treatment

Due to the small sampling size and types of sampling carried out, it
was not feasible to conduct large statistical tests. Furthermore, the un-
even application of FT-IR across the samples limits the comparison.
Therefore, data analysis was performed on the visual data only. Mann
Whitney's and Kruskal Wallis' test were used for statistical significance
tests on water samples where there were replicates in all fjords since
they can be applied on non-normal distributed data. Manta net samples
were then grouped as fjordswith similar characteristics to increase rep-
licates/group, Dickson-Ekmanfjorden (remote) were combined as well
as Grøn- and Adventfjorden (populated), while St. Jonsfjorden (outside
Isfjorden) remained separate, although combined with Ekman- and
Dicksonfjorden for the Mann Whitney's test. Descriptions of particle
characteristics refer to the data obtained through visual analysis (e.g.
shape, size, colour) whereas the polymer differentiation refers to the
data collected through FT-IR.

3. Results and discussion

Microplastic particles were found in many of the blanks, ranging
from 1 to 3 particles/blank, which were primarily fibres (78%). The
field blank from the pump contained one blue fibre corresponding to
the 500 μm filter. The field blank for the manta net included one black
fibre,while the laboratory blanks containedmainly black and blue fibres
(0–3 particles/blank processed parallel with each sample batch). No ad-
ditional particles were recorded in the blank sample bags used during
sampling at the walrus haul-out site. All data presented was therefore
corrected for the blank values.

3.1. Microplastics in water samples from the fjords

Microplastics (visually identified)were found in 79%of all fjord sam-
ples using the manta net (ranging <LOD-0.27, average; 0.06 particles/
m3) and in 80% of the pump samples (<LOD-3.5, average 1.4 particles/
m3). Fig. 2 presents the data for manta net samples collected from all
fjords. Advent- and St. Jonsfjorden presented the highest quantities of
microplastics, but St. Jonsfjorden was significantly higher compared to
the populated fjords (Adventfjorden andGrønfjorden) and the other re-
mote fjords Ekman- and Dicksonfjorden (Kruskal-Wallis test, p =
0.005). There was no significant difference between the populated
fjords (Adventfjorden and Grønfjorden) compared to remote fjords
(St. Jons-, Ekman-, Dickson- and Nordfjorden) (Mann-Whitney test,
p = 1). Shape composition in manta nets within the fjords (with repli-
cates combined) showed that fibres (25–79%)weremore common than
beads (0–75%) and fragments (0–40%), although therewere differences
between sample types (Fig. S1).

Pump samples presented similar data to the manta nets. There was
no difference between the two methods applied (see Supplementary
Materials and Fig. S2 for more information), although some interesting
ly accepted particles only, after blank correction. Data has not been corrected for polymers

Image of Fig. 2
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sampling features were observed. The pump samples in Dicksonfjorden
and Grønfjorden contained higher quantities of microplastics than the
manta net samples taken in the same fjords (Table S2). Interestingly,
the pump sample from themost populated fjord (Advent-) did not con-
tain any particles. All particles collected were fibres except one frag-
ment found in the Nordfjorden sample and one fragment found in the
Oxaasdalen river sample. Beads were not detected in any of the pump
samples and it is hypothesised that this sampling technique under-
sampled beads.

FT-IR was applied in varying degrees to the visually identified parti-
cles collected from surface waters (more information presented in the
Supplementary Materials). Of the particles analysed with FT-IR from
Isfjorden, polyethylene (PE) was the most commonly identified poly-
mer (86% of total particles, Fig. 3), followed by polypropylene (PP; 7%)
and rubber-like particle (7%). PP was as common as PE in Grønfjorden
samples (50% of each polymer). Polyester was the main polymer in St.
Jonsfjorden (42%), followed by PE (27%). Acrylic (8%) was found in
two out of five samples, and PP (4%) was found in only one out of five
samples from St. Jonsfjorden.

It was hypothesised that locality to human activitiesmight influence
the abundance and composition of microplastics in the surface waters.
Adventfjorden was identified as the area with most traffic (snow mo-
bile, cars, boats), followed by Grønfjorden (Barentsburg settlement,
and popular snow mobile tourism area) (personal observations, com-
munications with e.g. tourist guide companies). However, the pump
sample from Adventfjorden was the only pump sample without
microplastics. The largest quantity of microplastics in manta net sam-
ples (0.26 particles/m3) was found in the sample closest to
Longyearbyen airport. This sample consisted mostly of fragments (n =
4). All particles in this sample could be confirmed with FT-IR as PE
and one fragment as a rubber-like particle. Although no significant dif-
ference (few samples), there seemed to be slightly more particles in
Adventfjorden manta nets than those samples from Grønfjorden,
while Grønfjorden was comparable to Ekman- and Dicksonfjorden
even though those two fjords lack settlements and have less visitors
and traffic. St. Jonsfjorden had a higher number of particles than
Isfjorden. The difference is not large and is most likely explained by dif-
ferent weather conditions and local impact. In addition to the single
rubber-like particles identified in Adventfjorden, one other rubber-like
particles was observed in Dicksonfjorden. Similar particles were not
identified in the other fjords. A large source of rubber particles globally,
has been identified as car tyres (Kole et al., 2017), however, this location
lacks cars and roads, and thewintertime snowmobile traffic is low com-
pared to Advent- and Grønfjorden. Snow mobile belts are made of
rubber and could be a source together with e.g. car tyres in harbours
(e.g. Bråte et al., 2018), although it would be expected to see greater
numbers closer to populated areas. To confirm this theory, more studies
should be conducted in Adventfjorden and Grønfjorden, and preferably
during or slightly after the winter season. Since the present study was
Fig. 3. Relative distribution of confirmed polymers in themanta net samples andwalrus faeces.
the figure.
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carried out in the autumn, winds, currents, and waves have most likely
facilitated the spreading and occurrence of winter-transport related
particles from the more populated areas.

Only one pump sample was taken in Nordfjorden and the manta
net could not be deployed due to rough sea. Nevertheless, the total
amount in Nordfjorden was one of the highest in the Isfjorden fjords;
3.5 particles/m3 (100, 300 and 500 μm combined, one black fibre
confirmed with FT-IR) and were similar to Oxaasdalen river sample
(1.7 particles/m3; 100 μm and 300 μm filters combined) in amount
(Table 1). Fibres dominated (91% of particles) in all pump samples
but were generally too thin to be analysed successfully with the
available FT-IR instruments.

The microplastics concentration in water samples presented here
were low compared to a recent study from Kongsfjorden, which is
situated further north on Svalbard. The reported particle concentra-
tions varied from 0.1 particles/L (i.e. 100 particles/m3) in the
water column from the fjord mouth and up to 48 particles/L
(i.e. 48,000 particles/m3) in surface water from central Kongsfjorden
(von Friesen et al., 2020). Several factors such as increased human
activity, e.g. presence of recreational and commercial vessels, as
well as the discharge of sewage effluents may influence the concen-
trations of microplastics identified across studies. Nevertheless,
methodological differences and weather may also influence the re-
sults. This highlights the need for the collection of metadata for suf-
ficient data interpretation. As an example, the number of persons
inhabiting Kongsfjorden during summer is normally around 100
but can reach 1000–4000 people with the addition of cruise tourists
in the summer months (personal observation). Therefore, sampling
at different times of year to monitor the influence of human presence
on Svalbard would be beneficial in future studies.

Von Friesen et al. (2020) used Niskin bottles from a ship and sam-
pled small volumes, while manta net and large sampling volumes
were used in the present study. In additional to themethodological dif-
ferences, theweathermight also have affected the results. As both stud-
ies were performed in the same season (i.e. late June-early September)
we can consider the local weather conditions. There were high winds
(10–17m/s; NorwegianMeteorological Institute, 2019) before and dur-
ing sampling in the present study, which may have led to mixing of
water and potentially facilitated the transport/dispersal of particles
within the water column. This might have had a greater effect on the
pump samples, since water is collected with a small inlet (2 cm) and
hence, the pump samples might have underestimated the microplastic
concentration in the investigated fjords. On the other hand, the results
from the present studywere slightly lower/in linewith previous reports
of microplastics sampled around Svalbard with a manta net (S-SW of
Svalbard, 0.34 particles/m3) and pumping systems (Isfjorden area and
Kongsfjorden; <LOD-1 particle/m3) (Lusher et al., 2015; Sundet et al.,
2017). These Svalbard studies (and the present study) are comparable
to/slightly lower than microplastic investigations performed East of
It was not possible to get reliable FTIR results from the sediment and thus not discplayed in

Image of Fig. 3
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Greenland (range 1–3 MP/m3, average: 2.4 MP/m3; fibres excluded)
(Morgana et al., 2018). It is worth mentioning that depth (6 m outside
Greenland, surface water around Svalbard) and analytical methodologies
vary between these studies. A recent study from the Eastern Arctic
(Barents, Kara, Laptev and East Siberian Seas) showed comparable/
slightly lower concentrations than the present study (mean: 0.004 MP/
m3 in surface, 0.8 MP/m3 in sub-surface water) (Yakushev et al., 2021).

3.2. Microplastics in sediment from river deltas

The sediment samples were from a remote tidal estuary with no set-
tlements and little traffic. Four of the sediment samples contained be-
tween 2 and 26 particles/kg dw sediment (average 11 particles/kg dw)
while no particles were observed in the last two samples. Similar concen-
trations are reported from other Arctic areas, e.g. <LOD-69 particles/kg
dw sediment (unknown depth) in Bering-Chukchi Sea (Mu et al., 2019).

Fibres were the dominate particle type (71%) observed in sediment
samples followed by fragments (29%). No beads were found. It was
not possible to obtain usable FT-IR data from the sediment samples
due to size and state of the particles (i.e. no clear results from FT-IR
were obtained). The fjord (Dicksonfjorden), where the sediments
were collected and the sampled river drains out, is seldom visited and
there are no routine tourist tours here. The abandoned settlement of
Pyramiden is situated 20 km east across the mountains and could be a
potential source by (small-scale) atmospheric transport to snow caps
in combinationwith river run-off from these areas. No studies regarding
microplastics have been conducted here, but Billefjorden outside
Pyramiden is a popular tourism area and could therefore be a source
of microplastics. Earlier studies have shown that Pyramiden is a local
source of polychlorinated biphenyls (PCBs) (Pedersen et al., 2011), sug-
gesting that further research is required to investigate the release of
microplastics and other anthropogenic particles.

3.3. Microplastic in the coastal benthic food web

Even though all of the North Atlantic Arctic pinnipeds can be found
around Svalbard (Bengtsson et al., 2021), their food webs are longer
and more complex with more trophic levels involved compared to the
food web of walrus. Walrus often feed in shallow areas (<50 m in
Svalbard populations) and some of the popular feeding areas outside
of Poolepynten are situated at only 10–20 m depth (Kovacs et al.,
2014; Norwegian Polar Institute, 2021). Hence, microplastics from the
upper surface layer could be mixed down to benthic filter feeders.

Eight pieces of walrus faeces (100 g) were analysed for microplastic
content. As all particles were processedwith FT-IR, the data presented re-
fers only to microplastic particles. Fibres and fragments were found in all
except one sample, ranging from <LOD-7 microplastics/sample (fibres)
and<LOD-3microplastics/sample (fragments). This generates an average
of 34MP/kg faeces (FT-IR confirmed particles), while visual ID confirmed
particles were on average 69 MP/kg faeces. Benthic filtering organisms -
such as clams - can filter substantial amounts of seawater and hence,
pose a high possibility for internalising microplastics. There are very few
studies on polar marine pinnipeds and faecal microplastics and the feed-
ing behaviour differs between species as well as distance to urban areas.
For example, the pelagic-feeding Antarctic fur seal (Arctocephalus gazella)
from Deception Island, which target mainly mesopelagic fish and zoo-
plankton, did not contain microplastics in their faeces (Garcia-Garin
et al., 2020). Antarctica ismore remote than the Arctic and the differences
in feeding behaviour between Antarctic fur seals and walrus will also af-
fect the amount of microplastics found in faeces. When referring to den-
sity of plastic materials alone, most plastic will float on the surface and
hence, should (theoretically) not be available for benthic filter feeders
who represent the first trophic level above water. Given this,
microplastics should not appear at the next trophic level (as represented
by walrus in the present study) in a benthic food web, or, only plastics
with a density greater than seawater would be found.
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The findings in the present study shows relatively low surfacewater
concentrations of microplastics in all fjords (0.03–0.9 particles/m3, vi-
sual ID – manta net). The particles which were identified with FT-IR
weremainly represented by low-density plastics (e.g. PE, PP). Similarly,
the walrus faeces were dominated by polyester and PP, both with a
lower density than seawater. Hence, these particles are most likely
reaching the benthic areas through surface mixing facilitated by waves
and winds which especially impact shallow areas. Investigations of the
primary filter feeders (e.g. clams) would illustrate the uptake of
microplastics by benthic filter feeders but it was not possible to collect
them for the present study. Nevertheless, there is copious research
showing microplastics in benthic filter feeders (e.g. Bråte et al., 2018,
2020) which supports the hypothesis that trophic transfer is a viable
route of exposure for the walrus.

The walrus faeces presented dietary items including bivalve shell
fragments and remnants of clam siphons, which is in agreement with
previous research (e.g., Gjertz and Wiig, 1992; Kovacs et al., 2014).
The faecal matter had the appearance of green-brown mud, which
was dry on the surface but damp to the touch, indicative of the summer
collection conditions. The clam Mya truncata is the most common prey
of these walrus, and further research should be conducted to confirm
the assumptions of the present study. There appears to be negligible
consequence to the walrus, as microplastics which have been ingested
have successfully passed through the digestive tracts to be defecated
alongwith other inedible items. The digestive systemof pinnipeds elim-
inates non-digestible items, as has been evidenced through observa-
tions into the entire digestive tracts (e.g. Lusher et al., 2018) as well as
faecal analysis (Donohue et al., 2019;Hudak and Sette, 2019). Neverthe-
less, the study design applied here cannot deduce whether walrus
might ingest larger pieces of plastics that could have a longer retention
time in their digestive system than microplastics. Such investigation
would require necropsies whichwas not an option in the present study.

The present study does not consider the consequences of inherent
additives or sorbed environmental contaminants which may be associ-
ated with microplastics or other plastic materials. Some studies have
suggested that higher trophic level organisms assimilate these plastic
components (e.g. Fossi et al., 2017). During digestion, contaminants
from plasticsmight be released (or absorbed) and their small molecular
size allows them to cross gut barriers. However, investigating such a
consequence for walrus will require further research. Previous research
has investigated the presence of a wide range of contaminants in
walrus tissues. These included polychlorinated biphenyls (PCBs),
dichlorodiphenyldichloroethylene (DDE), chlordanes, toxaphenes and
polybrominated diphenyl ethers (PBDEs), with general trends pointing
towards a decrease in PCBs and DDE levels in the Arctic over time
(Wolkers et al., 2006; Scotter et al., 2019). The studies showed that the
more contaminated individuals tended to be those that were feeding on
higher trophic levels (e.g., seals). Regarding the identified contaminants,
many of these can also be associated with plastics due to their physical-
chemical properties (e.g., Syberg et al., 2020). The combined impact of en-
vironmental contaminants and plastic pollutionwill be an important area
for future studies, given that the relationships between PCBs and plastics
have been observed for seabird species (e.g., Ryan et al., 1988; Kühn et al.,
2020). However, no relationship between persistent organic pollutants
(POPs) and plastics was observed for Northern Fulmars from Newfound-
land (Provencher et al., 2018) and it has been shown that feed is a more
important pathway of POPs and other contaminants to birds than plastics
as a vector (Herzke et al., 2016).

This study provides evidence that walrus can defecatemicroplastics.
In doing so, microplastics are re-released into the environment – again
becoming available for movement within the Arctic ecosystem –
whether to be incorporated into shoreline sediments, be washed back
into coastalwater bodies, or ingested again byArctic biota. It is therefore
fundamental that the sources of microplastics to the coastal Arctic eco-
system are understood and measures to prevent their release are ad-
dressed and implemented.
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3.4. Local sources of microplastics on Svalbard

With a small data set and without longer sampling periods, it is diffi-
cult to draw conclusions regarding sources. The present study found
microplastic concentrations in coastal areas (Isfjorden: 0.04 MP/m3 and
St. Jonsfjorden; 0.9 MP/m3) comparable to offshore waters (0.34 MP/
m3; Lusher et al., 2015). The West Spitsbergen Current transports warm
water towards Svalbard and is present in both Isfjorden and
Forlandssundet where St. Jonsfjorden and the haul-out sites for the wal-
rus are situated (Nilsen et al., 2016). The plastic polymers identified in
this study (Fig. 3) are amongst the most common plastics materials, but
as the concentrations were low, they do not indicate large local sources.
Potential local sources in and around Svalbard may be fishing vessels
and tourism, in addition to the local settlements andwastewater effluents
into the fjords. A recent study concluded that Adventfjorden and
Kongsfjorden did not show increased concentrations of microplastics in
the water compared to offshore areas around Svalbard (Sundet et al.,
2017) while other studies indicated that local wastewater is a source of
microplastics (Granberg et al., 2019). One should stress that the dilution
from, for example, the release of Longyearbyen sewage water (from
2400 habitants at 60 m depth) into Adventfjorden may not result in a
measurable increase in the surface water microplastic concentrations
and especially not during summer/autumn when riverine run-off is
high and covers large parts of the fjord with a low-saline top layer. A
fresh/low-saline top layer is also common in fjords with glaciers
(e.g. Ekmanfjorden) and/or large/many rivers (Dicksonfjorden,
Grønfjorden), which may affect where in the water mass the
microplastics can be found.

Like many settlements in the Arctic, Longyearbyen and Barentsburg
do not have a sewage treatment system in place. Ny-Ålesundhas a small
treatment systemsince 2015,whichhas proven to be efficient in captur-
ing microplastics, reducing the number of particles from 14,207 to
83 particles/L after treatment (Granberg et al., 2019). The wastewater
from Barentsburg drains into Grønfjorden, but information regarding
the position of outlets is unclear. Hence, it is not possible to assess the
contribution of wastewater effluents as a source of microplastics to
Grønfjorden. Even though settlements are potential sources of
microplastics, the present study cannot conclude on any increased
local occurrence in those fjords. Adventfjorden and Grønfjorden experi-
enced heavywinds two days before sampling and hence, thismight also
have affected the distribution of microplastics in the fjords. Since Ny-
Ålesund has a permanent population of 30–35 habitants and a summer
population of 120 (Statistics Norway, 2021), it is expected that the
quantities of microplastics released from Longyearbyen and
Barentsburg would be much higher. Most likely, the released amounts
of microplastics are largely diluted and require different sampling
equipment and design to be detected.

3.4.1. Long-range atmospheric transport of microplastics
There have only been a few studies into the atmospheric transport of

microplastics, but it seems likely to be a transport route, at least for the
smallest and lightest particles (Evangeliou et al., 2020). The river in
Oxaasdalen is fed by a small snow cap and contained the second highest
quantity of microplastics (1.7 particles/m3) in this study. In addition,
some long blue fibres were found in the river, but they were excluded
from this investigation as they were > 5mm. If they would be included,
the total particle count here would be 4 microplastics/m3. Whether
these fibres come from local (including Isfjorden area) sources or from
long-range transport is not known.

4. Conclusion

Microplastics were found in all fjord samples (water, sediment, wal-
rus faeces) and themost common polymer was PE (31% of tested parti-
cles) followed by polyester (23%). These results show the presence of
microplastics in areas once considered pristine and free from
8

anthropogenic pollution. There were no significant differences between
the investigated fjords even though there are differences regarding
settlement and number of visitors. Walrus are benthic feeders at low
trophic levels, but still had severalmicroplastics in their faeces.Whether
this type of benthic feeder is more exposed to microplastics than other
benthic (and pelagic) feeders should be further investigated together
with potential links between different matrices, e.g. sediment and
water exposure. Local atmospheric transport may play a role for
microplastics distribution, especially in combination with snow melt
and runoff.

In general, this baseline investigation shows that, from the lownum-
ber of samples, there is a need to further investigate microplastics
within Arctic ecosystems. The consequences of microplastics may not
be extreme for the apex species studied here, but the routes by which
the microplastic are ingested and egested will require a focused assess-
ment. Microplastics have been found in several sample types in the
Arctic, but to elucidate uptake and transport pathways, it is important
that future studies combine different matrices in the same study,
utilising reproducible methods, to achieve a holistic approach for eco-
system occurrence and fate of microplastics.
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