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ABSTRACT: Recent studies have shown that despite its
remoteness, the Arctic region harbors some of the highest
microplastic (MP) concentrations worldwide. Here, we present
the results of a sampling campaign to assess the vertical distribution
of MP particles (>11 μm) at five stations of the HAUSGARTEN
observatory. Water column samples were taken with large volume
pumps by filtering 218−561 L of seawater at two to four depth
strata (near-surface, ∼300 m, ∼1000 m, and above seafloor), and
sediment samples were taken with a multiple corer. MP
concentrations in the water column ranged between 0 and 1287
N m−3 and in the sediment from 239 to 13 331 N kg−1. Fourier
transform infrared spectroscopy (FTIR) imaging with automated
data analysis showed that polyamide (39%) and ethylene-
propylene-diene rubber (23%) were the most abundant polymers within the water samples and polyethylene-chlorinated (31%)
in sediments. MPs ≤ 25 μm accounted for more than half of the synthetic particles in every sample. The largest MP particle recorded
was in the 200 μm size class. The concentrations of fibers were not reported, as fiber detection by FTIR imaging was not available at
the time of analyses. Two- and three-dimensional simulations of particle transport trajectories suggest different pathways for certain
polymer types. A positive correlation between MP size composition and particulate organic carbon indicates interactions with
biological processes in the water column.

■ INTRODUCTION

Over the past decade, the pollution of our oceans with plastic
has aroused great attention in both environmental research and
public discourse.1 The more research has been conducted, the
more the extent of the problem has been unveiled.2

Microplastic (MP) particles further complicate our compre-
hension of the problem because these small particles (<5 mm)
have been observed throughout the world oceans,3 including in
sea ice,4,5 on the deep seafloor,2 and within biota.6 Addition-
ally, MP particles have not been found exclusively in the
marine compartments of the global ecosystem but also within
the atmosphere,7,8 freshwater,9 and terrestrial10 environments.
There is still uncertainty as to the scope and severity of any
detrimental effects MP may have on organisms,11 although
some health implications have been identified.12−14

Rapid changes in the world’s climate have drawn particular
attention to the Arctic regions, where plastic pollution has,
alongside environmental change, been recognized as a growing
problem.15,16 As a result of the recent research activities, our
knowledge on plastic and MP pollution in the Arctic is
improving.17 However, within Arctic waters (and the world
oceans in general), MP concentrations and transport pathways

within the water column remain understudied. Concentrations
reported from a limited number of water column studies have
shown great variation in measured quantities,18−21 although
they indicate a ubiquitous presence in the water column
globally. Moreover, MP has been suggested to incorporate into
marine particles22−30 and alter sinking velocities.24,25,28 These
findings are important in the context of the biological pump.
The biological pump is the process by which photosyntheti-
cally produced organic matter is exported to the deep ocean via
sinking particles, which are subjected during settling to
advection, vertical mixing, and potential removal from the
water column to organisms via consumption.31 Given that this
pump drives the food supply to the deep ocean,32 it is crucial
to understand how the presence of MP may affect the sinking
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behavior and the efficiency of organic matter export pathways
from the surface waters to the deep seafloor.
Aside from settling behavior and abundance, another

important MP parameter is the size of the particles. MP
particles of 10 μm may be transferred to upper trophic levels
within the planktonic food web.33 The majority of studies
identifying and quantifying MP conducted to date via visual
selection and subsequent verification by Fourier transform
infrared spectroscopy (FTIR) allows the detection of particles
>100 μm. FTIR imaging with a lower detection limit of 11
μm34 has shown that particles ≤25 μm represent the highest
proportion of MP particles in environmental samples,
suggesting that there is no lower limit on MP size following
fragmentation.2,8,35,36 Therefore, it is plausible to assume that
many hitherto reported environmental MP concentrations
have underestimated abundances and potentially, size-related
interactions of small MP particles (<100 μm) with organisms
have gone unnoticed.
The Fram Strait is the only deep-water connection between

the Arctic Ocean and the North Atlantic, characterized by
contrasting water masses.37 Warm Atlantic water entering the
Fram Strait as West Spitzbergen Current (WSC) facilitates
melting of sea ice and subsequent release of particles and
organisms entrained, contributing to the downward flux of
particles.37 A fraction of the WSC recirculates at ∼79 °N and
subducts underneath cold polar waters that exit the Arctic
Ocean. The East Greenland Current (EGC) carries both of
these water masses southward. This complex structure of

currents from different origins affects the particle distribution
locally within the water column.37

Here, we analyzed samples taken from near-surface waters,
the deep water column and deep-sea sediments for MP
(excluding fibers) at five stations of the HAUSGARTEN
observatory. The distribution of MP particles was studied in
the context of simulated particle trajectories and environmental
parameters to investigate possible sources, transportation
pathways, and accumulation mechanisms of MP in the Fram
Strait. To this end, we assessed (i) the spatial distribution of
MP particles among stations and depths, (ii) differences
between the water column and sediments, (iii) possible
interactions with the biological pump, (iv) effect of sea ice on
the MP distribution, and (v) potential source areas of MP
particles.

■ MATERIALS AND METHODS

Sampling Procedure. Water and sediment sampling were
conducted in the summer of 2016 during RV Polarstern
expedition PS99.2 to the HAUSGARTEN observatory. In
1999, the Alfred Wegener Institute Helmholtz Centre for Polar
and Marine Research (AWI) initiated the long-term ecological
research (LTER) observatory HAUSGARTEN in the Fram
Strait.38 Twenty-one stations along a bathymetric and
latitudinal gradient have been sampled annually to assess the
effects of climate change on faunal, bacterial, biogeochemical,
geological, hydrographic, and sedimentation processes. Four

Table 1. Microplastic Concentrations in Arctic Sediment and Water Samples Taken at Different Depths

station realm
sampling depth

(m)
sample volume (L)
and dry weight (g)a

subsample volume for FTIR
(%)

MP
(N m−3)b

MP
(N kg−1)

EGIV (78.8°N, 2.8°E) water column −1 218 L 100 227
water column −303 490 L 55 78
water column −993 556 L 77 16
water column −2574 541 L 64 29
sediment −2604 823 g 12 1.9 × 106 2437

N5 (79.9°N, 3.1°W) water column −3 223 L 5 1287
water column −289 499 L 41 54
water column −999 554 L 48 53
water column −2549 546 L 27 186
sediment −2614 513 g 4 6.3 × 106 13 331

HGIV (79.1°N, 4.2°W) water column −1 223 L 49 218
water column −302 501 L 90 152
water column −974 559 L 80 9
water column −2449 546 L 26 0
sediment −2462 582 g 5 3.2 × 106 5099

HGIX (79.1°N, 2.8°W) water column −2 228 L 35 113
water column −308 496 L 6 38
water column −1022 561 L 17 65
water column −5350 542 L 11 119
sediment −5569 509 g 52 0.1 × 106 239

SVI (79.0°N, 11.1°W) water column −1 424 L 100 262
water column −250 544 L 64 0
sediment −272 630 g 11 1.3 × 106 2542

aSample volume (L) and dry weight (g) column represents total in situ filtered volume of the water samples and total weight of the sediment
samples. bSediment microplastic concentrations in N m−3 were calculated by multiplying the concentrations in N kg−1 with (dry) sediment density.
The dry weight (wet weight × porosity) was divided by the volume of the subsample to obtain the sediment density (kg m−3) at each station.
Weight, volume, and porosity values were measured from additional sediment cores taken to analyze environmental parameters.
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deep stations and one shallow station from the HAUSGART-
EN observatory were selected for the current study, covering
the full range of oceanographic regimes found in the Fram
Strait. These stations were (1) EGIV, located in the East
Greenland Current (2604 m depth); (2) N5, the closest
station to the marginal ice zone (2614 m depth); (3) the
Molloy Deep (HGIX), the deepest depression in the Arctic
ocean (5569 m depth); (4) HGIV, located in the center of the
strait (2462 m depth); and (5) SVI, a station on the Svalbard
shelf (272 m depth). Four McLane Large Volume Water
Transfer Systems (WTS-LVs) were attached to a standard
CTD wire to sample MP from within the near-surface (1−3
m), ∼300 m (250−308 m), ∼1000 m (974−1022 m), and
above the seafloor (2449−5350 m) depth layers during CTD
rosette casts (Table 1). After 1 h of filtration (218−561 L)
through a stainless steel filter of 32 μm mesh size and 142 mm
diameter (MP filter, Figure S1a) at the target depth layer,
WTS-LVs were retrieved and MP filters stored in glass jars at
−20 °C. A total of 18 MP filters were obtained. Samples for
particulate organic carbon (POC), particulate organic nitrogen
(PON), and total particulate matter (TPM) were taken by a
rosette sampler equipped with SEA-BIRD CTD system and 24
Niskin bottles (12 L), with subsamples processed onboard (see
Engel et al. (2019)39 for details). A video-guided multiple
corer (MUC; Oktopus GmbH) holding eight cores of 100 mm
diameter was used to sample sediments and environmental
parameters according to Bergmann et al. (2017)2 at the same
stations as the water samples were taken. The top 5 cm of three
sediment cores taken at each station were sliced off with a
metal spatula, wrapped into tin foil and stored at −20 °C.
Sample Purification and Microplastic Identification.

MP filters were thawed, removed from the glass jars and placed
into MP reactors. A MP reactor is a semienclosed unit, which
contains stainless steel metal filters of 20 μm mesh size at both
ends. This unit allows the addition and removal of solutions by
vacuum and pressure filtration without sample transfer (Figure
S1b, see Lorenz et al. (2019)36 for the details of MP reactors).
Glass jars were thoroughly rinsed with Milli-Q water and
subsequently with 35% prefiltered ethanol into the reactors to
wash off particles adhering to the inner surfaces of the jars. The
samples were purified in the reactors by an enzymatic-oxidative
treatment with sodium dodecyl sulfate (SDS), protease,
cellulase, and hydrogen peroxide as described in Löder et al.
(2017).40 Visual inspection returned no particles >500 μm size
on MP filters. After purification, the MP filters were taken out
of the MP reactors and rinsed with Milli-Q water into the
reactors (Figure S1c). Each MP filter was then inspected by
stereomicroscope (Olympus SZX16) to ensure that no
particles remained. Purified water samples were obtained by
removing the filters from the bottom ends of the MP reactors
and rinsing these into 100 mL glass bottles.36

Separation and size fractionation of the sediments were
carried out as described in Bergmann et al. (2017).2 Size
fractionation resulted in particles of >500 μm size, which were
manually sorted, inspected under a stereo microscope
(Olympus SZX16, Olympus) at a 100−320× magnification
and putative MPs identified using an attenuated total reflection
(ATR, Paragraph S2) FTIR unit (Bruker Optik GmbH).2

Before the purification of <500 μm size fraction, a comparison
of enzymatic-oxidative (as used for water samples) and
Fenton’s reagent purification (as used in a previous study on
Arctic sediments2) was performed on another set of Arctic
sediments (Paragraph S3). The aim of this analysis was to

assess if FTIR analyses of identical sediments, which have been
purified with each of these two methods, result in different
particle type and size measurements. Since this analysis did not
reveal significant differences between methodologies, Fenton’s
reagent was selected to comply with the purification method of
the earlier study of HAUSGARTEN sediments.2

Focal plane array (FPA) based FTIR imaging analysis was
applied to measure the small size fraction (11−500 μm) of the
water and sediment samples.2,34,36,41 The mesh size of the MP
filters (32 μm) and eventually also the filters of the MP
reactors (20 μm) mark the lower size limit of the collected
particles. However, MP incorporated aggregates within
samples30 and a decrease over time in fluid permeability
during the filtering processes42 may have led to a capture of yet
smaller particles. Therefore, our measured concentrations of
particles in 11, 25 (>11 ≤ 25 μm), and partly, 50 μm (>25 ≤
50 μm) size classes are semiquantitative. An appropriate
quantity of water and sediment subsamples was assessed by
FlowCam (Fluid Imaging Technologies, Scarborough, USA)2

to prevent filter overload.36 Subsamples (Table 1) were
concentrated on aluminum oxide filters (Ø = 25 mm; pore
size, 0.2 μm; Anodisc, Whatman, Germany) (Figure S1d).
These Anodisc filters (filter area = 184 mm2, 77 × 77 FPA
fields) were subsequently dried at 30 °C for 2 days and
measured via FTIR imaging (Paragraph S4). Fiber detection43

was not available at the time of analyses; therefore, fibers were
excluded from the results as they were in comparable previous
studies.2,4,35,36,44

Automated Analysis of FTIR Data. The measured FTIR
data were analyzed via the automated analysis pipeline34

excluding human bias. Within this process, each spectrum was
compared twice against the reference database45 using spectra
correlation of the raw and the first derivative data. A spectrum
is identified if both methods yield the same polymer type, and
the result is transferred into an image. Particle numbers,
polymer size classes, and types were obtained via image
analysis using Python 3.4 scripts and Simple ITK functions
(see Primpke et al. (2017)34 for details).

Contamination Prevention. Water and sediment sam-
pling equipment (tweezers, glass jars, spatula, ruler) were
rinsed thoroughly with Milli-Q (0.22 μm filtered water,
Millipore) before every deployment. MP filters were placed
and retrieved with metal tweezers. Contamination prevention
in the laboratory and creation of procedural blanks of sediment
samples were conducted according to Lorenz et al. (2019).36

Glass or metal equipment were used throughout, with the
exceptions of tubing and seals (silicone), ZnCl2 filters
(polypropylene; pleated cartridge 37 filters) and squeeze
bottles (polytetrafluorethylene). All chemicals were filtered
before usage through 0.2 μm (GTTP, polycarbonate), enzymes
and sodium dodecyl sulfate (SDS) over 0.45 μm (cellulose
nitrate) or 1.2 μm (GF/F 40 glass fiber) filters to remove
particles from the solutions. Dustboxes (DB1000, G4
prefiltration, HEPA-H14 final filtration, Q = 950 m3/h,
Möcklinghoff Lufttechnik) were placed at the sediment
separation, purification and FTIR imaging laboratories to
prevent contamination of the samples by airborne particles.
The purification with the MP reactors and filtration of the
samples were processed in a laminar flow cabinet (ScanLaf 43
Fortuna 1800, LaboGene, Lillerød, Denmark). A blank sample
was taken on-board to assess the contamination during the
deployments of WTS-LVs. A total of 100 L of prefiltered
freshwater was pumped with a WTS-LV. Prefiltration was done
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by attaching a water filter with metal cartridges of 2−3 μm
mesh to a freshwater source. The MP filter of the blank sample
was purified and analyzed together with the water samples. MP
amounts in the water samples were blank-corrected for
contamination based on the result of the blank sample analysis
and in the sediment samples based on the result of the
procedural blank as described in Bergmann et al. (2017).2 The
contamination, which was caused by certain polymers during
the sampling and analysis processes of the water samples, was
eliminated from the results (Paragraph S5).
Particle Tracking. The origin of MP particles measured in

the analyzed water samples was estimated with a Lagrangian
particle-tracking algorithm, following the approach of Wekerle
et al. (2018).37 Backward three-dimensional (3D) trajectories
of MP particles in the deep water column (300 m, 1000 m,
above seafloor) were computed for four stations in the Fram
Strait (EGIV, HGIV, HGIX, N5) with three different settling
velocities. Particles were released once per day during 2016 at
corresponding sampling station × depths and tracked back-
ward in time until they reached the sea surface, where they may
have commenced sinking (surface origin). Therefore, a
reversed flow field was used, as if the particles were rising
from the sampling depth to their surface origins via lateral
displacement with a negative sinking and reversed horizontal
velocity (vertical ocean velocities were neglected). Daily
averaged horizontal velocity fields were taken from the
Finite-Element Sea-Ice Ocean Model (FESOM, version 1.4).
The model configuration used in this study was optimized for
the Fram Strait region, applying a mesh resolution of 1 km in
this area. It covers the time period 2010−2016, is forced with
atmospheric reanalysis data from Era-interim, and is initialized
with model fields from the simulation described in Wekerle et
al. (2017).46 A time step of 1 h was used for the trajectory
calculations, yielding hourly positions and corresponding
values of temperature and salinity. The sampling depths for
HGIV above seafloor and SVI 300 m depth layers were not
included in the computation since the analyses did not reveal
MP particles in these water samples. Previous studies have
shown that the settling velocities of marine particles are altered
by a factor of −2.87 to 1.64 when MP is incorporated into
them, suggesting a decrease in the settling velocity for most of
the cases (between −2.87 and −1.35).24−26 To account for this
variability, a representative factor of −2.25 was selected from
Cole et al. (2016)25 and settling velocities used in Wekerle et
al. (2018)37 (20 m, 60 m d−1, 120 m d−1) were modified
accordingly (9 m, 27 m d−1, 53 m d−1). These settling
velocities match with the results of an earlier experimental
study.47

In addition to the 3D particle trajectories described above,
two-dimensional (2D) trajectories were computed for the MP
particles in the near-surface water samples by using only the
surface velocity field of the ocean model. This was done for all
five stations (EGIV, HGIV, HGIX, N5, SVI). As in the case of
the 3D trajectories, particles were released once per day
throughout 2016 and tracked backward in time for 365 days.
The computation was stopped earlier if the particle reached the
coast. Probability maps of the particle distributions were
generated by counting the visit of a particle as it crossed a bin
and normalizing by the total number of particles (365).
Environmental Parameters. Temperature, salinity, and

dissolved oxygen (O2) data were obtained from synchronous
CTD measurements.48 Where no data were available for the
same depth as at which the water column was sampled for MP,

measurements from the nearest depths were included in the
data sets (Table S6). Sea ice conditions at the surface were
determined from daily concentrations of sea ice retrieved from
Centre d’Exploitation et de Recherche SATellitaire (CERSAT;
http://cersat.ifremer.fr/).49 Ice coverages were calculated as
the percentage of the days (for the near-surface depths and
seafloor) and surface origins (for the deep water column)
when sea ice concentration was >15% during the correspond-
ing time period (2016 for the water column and 2000−2016
for the seafloor, see Paragraph S6 for details). POC and PON
were analyzed as described in Engel et al. (2019)39 by filtering
aliquots of 1 to 6 L of seawater onto combusted GF/F filters
and TPM as in Bodungen et al. (2013).50 Values for
environmental parameters in sediments (porosity, chlorophyll
a, chloroplastic pigment equivalent, particulate organic carbon,
and phospholipids) were obtained as outlined in Bergmann et
al. (2017)2 by subsampling additional cores with cutoff
syringes of 2 cm diameter, which were analyzed at 1 cm
intervals down to 5 cm sediment depth.

Design of Permutational Multivariate Analysis of
Variance for the Analysis of Polymer Compositions.
Multivariate analyses of polymer type and size class
composition as concentrations (hereafter polymer composi-
tion, unless only type or size class composition is referred to)
were performed using PRIMER-e version 6.1.16 with
PERMANOVA 1.0.6.51 A permutational multivariate analysis
of variance (PERMANOVA) routine with 9999 permutations
was carried out to assess differences between a priori groups of
stations (EGIV, HGIV, HGIX, N5, SVI), depth layers (near-
surface, 300 m, 1000 m, above seafloor, sediment), water
masses (polar, Atlantic, deep waters), surface locations (N5
and EGIV, ice edge; HGIV and HGIX, center; SVI, shelf) and
realms (water column and sediment). CTD profiles showed
waters below 0 °C (polar waters) at the near-surface depth
layers of the deep stations. Warm waters of Atlantic origin (>2
°C) prevailed at 300 m depth layers at all stations and at SVI.
For data analyses, 1000 m and above seafloor layers were
categorized as deep waters. Data treatment prior to
PERMANOVAs was done based on the sampling realms
(i.e., water column only or through the water column and
sediment, see subsequent sections). Two-way PERMANOVAs
were performed using station × depth layer (without
interaction), station × water mass, and station × marine
realm as fixed factors. Surface locations were compared one-
way to evaluate the influence of ice coverage on MPs
distribution. Furthermore, a canonical analysis of principal
coordinates (CAP) was applied to analyze and visualize
significant differences between the a priori defined groups.
Temporal changes in MP concentrations and polymer type
compositions of the sediments were investigated on the data
set by including in the analysis results from a previous
HAUSGARTEN study2 in 2015, by running PERMANOVA
on Bray−Curtis similarity matrix of square-root transformed
data set of polymer type compositions. MP concentrations
from two years were compared with one-way analysis of
variance (ANOVA).

Analysis of the Microplastic Distribution in the Water
Column. Univariate statistical analyses were performed with
Sigmaplot 14.0 on water column MP concentrations. A
Kolmogorov−Smirnov normality test failed for MP concen-
trations (K−S Dist. = 0.387, P = 0.037) because of the high
MP abundance in the N5 near-surface sample. Therefore, this
station was excluded from univariate analyses to achieve
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normality (K−S Dist. = 0.168, P > 0.2) and mean MP
concentrations were then calculated by excluding this sample.
Stations, depth layers, water masses, and surface locations were
compared with ANOVA followed by a Holm−Sidak test to
assess differences between different groups. A Spearman rank
order correlation was used to assess the relationships between
MP concentrations and environmental parameters (sampling
depth, temperature, salinity, O2, ice coverage, POC, PON,
TPM). A PERMANOVA routine was executed on a Bray−
Curtis similarity matrix of square-root transformed data sets of
polymer compositions. Polymer compositions of different
stations, depths, water masses, and surface locations were
compared. The similarity percentage (SIMPER) routine of
PRIMER-e was performed to assess within group (stations,
depth layers, water masses, surface locations) similarities and
between group dissimilarities. The distance-based linear model
(DistLM) routine of PRIMER-e was applied to investigate
multivariate multiple regressions between polymer composi-
tions and environmental parameters. Ice coverage, POC, PON,
and TPM values were not obtained for all of the depth layers of
HGIV, HGIX, and SVI. Therefore, three sample groups (1−3)
of polymer compositions (Paragraph S7) were created for

DistLM analyses based on the availability of these values.
Marginal tests of the DistLM routine were run with 9999
permutations to assess the correlations between polymer
compositions and each environmental parameter. The “Best”
selection procedure with the “Akaike information criterion
(AIC)” was used to find the regression models. Following the
selection of the fitting model (Paragraph S7), the relations
were visualized with distance-based redundancy analysis
(dbRDA).

Analysis of the Microplastic Distribution through the
Water Column and Sediment. The Hellinger dissimilarity
measure is not sensitive to magnitude differences in
abundances, and therefore, it was applied to square-root
transformed standardized data sets of polymer compositions of
water column and sediment in combination.36 A PERMANO-
VA was applied to assess the differences in polymer
compositions between stations, depths, marine realms, and
station × marine realm interactions. Total polymer types (S)
and Pielou’s evenness (J′) of polymer compositions were
calculated to assess the diversity of polymer compositions since
these two diversity measures are not based on abundances.
PERMANOVA was run for stations, depth layers, and realms

Figure 1. Microplastic concentrations, percentages of polymer types, total polymer counts, and percentages of polymer size classes of each sample.
For visual purpose, the sampling depths of the above seafloor and sediment layers were adjusted to prevent the bars from overlapping. (a) MP
concentrations. Gray dots represent MP concentrations in the water samples and black dots in the sediments. (b) Percentages of polymer types
(PA, polyamide; R3, ethylene-propylene-diene rubber; CPE, polyethylene-chlorinated; PP, polypropylene; NBR, nitrile rubber; APV, acrylates/
polyurethanes/varnish/lacquer; PES, polyester; EVA, ethylene-vinyl-acetate; PE, polyethylene; PS, polystyrene; PCL, polycaprolactone; PC,
polycarbonate; other, polyvinylchloride, rubber type 1, polysulfone, cellulose acetate).45 (c) Total polymer type counts (S) in the water and
sediment samples. Gray dots represent S in the water samples and black dots in the sediments. (d) Percentages of polymer size classes.

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

https://dx.doi.org/10.1021/acs.est.9b06981
Environ. Sci. Technol. 2020, 54, 4079−4090

4083

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06981/suppl_file/es9b06981_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06981/suppl_file/es9b06981_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06981?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06981?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06981?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06981?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b06981?ref=pdf


on Euclidean distances of log(x + 1) transformed diversity data
set.

■ RESULTS
Between 218 and 561 L of water were filtered with large
volume pumps. Depending on the particle load of each sample,
5−100% of the purified sampled volume were measured by
FTIR imaging (Table 1). MPs were found in 16 out of 18
samples ranging from 9−1287 N m−3 (Figure 1a) with a mean
concentration of 95 ± 85 N m−3 (±SD; 161 ± 293 N m−3, if
N5 near-surface concentration included). A total of 15 types of
synthetic polymers in a size range of 11−150 μm were
identified (Figure 1b). The highest mean MP concentration
through the entire water column was detected at the coastal
SVI (131 ± 185 N m−3) and the lowest mean at the deep
HGIX (84 ± 39 N m−3). The highest mean concentration
through the water column of the deep stations was found at N5
(98 ± 77 N m−3, excluding near-surface concentration).
ANOVA indicated no significant difference between stations
(P > 0.050). Comparison of depth layers revealed a significant
difference (ANOVA F = 5.97, df = 3, P = 0.009) caused by the
disparity of samples taken near-surface and at 300 m (Holm−
Sidak t = 3.41, P = 0.023) and between near-surface and 1000
m depth layers (Holm−Sidak t = 3.89, P = 0.011). No
significant difference was found between water masses and
different surface locations (P > 0.050).
The highest MP concentration within sediments was

detected at N5 (13 331 N kg−1) and the lowest at HGIX
(239 N kg−1) (Table 1); 4−52% of each purified sediment
sample volume was measured by FTIR imaging, giving a mean
concentration of 4730 ± 5107 N kg−1 (Figure 1a). A total of
12 polymer types in a size range of 11−200 μm were identified
(Figure 1b and d). ANOVA showed no significant difference
between samples from 2015 and 2016 (P > 0.050).
Polymer Types. Six polymer types accounted for 96% of all

synthetic particles found in water samples (polyamide [PA],
39%; ethylene-propylene-diene rubber [R3], 23%; acrylates/
polyurethanes/varnish/lacquer [APV], 10%; polypropylene
[PP], 8%; polyester [PES], 8%; ethylene-vinyl-acetate [EVA],
8%) (Figure 1b, Table S4a). PERMANOVA of polymer types
for station × depth groups revealed significant differences
between stations (pseudo-F = 2.02, P(perm) = 0.017) but not
between depth layers. The polymer composition at HGIX was
significantly different from N5 (t = 2.31, P(perm) = 0.036) and
the CAP routine revealed a similar result (Figure S8a).
Analysis of station × water mass groups did not show any
difference (P(perm) > 0.050). HGIX harbored only PA, APV,
and R3 at all depth layers with a 66% within group similarity,
whereas the within group similarity of the other stations ranged
between 16% and 39%. The lowest dissimilarity between
stations was observed between EGIV and N5 (57%), and the
highest between EGIV and SVI (94%). Surface locations
showed significant differences (pseudo-F = 1.83, P(perm) =
0.049), which was also confirmed by the CAP routine (Figure
S8b). Polyethylene-chlorinated (CPE, 31%), nitrile rubber
(NRB, 18%), and PP (17%) comprised the highest proportions
in sediments, whereas other polymer types contributed 1−9%.
There was no significant difference in polymer type
compositions of sediments sampled in 20152 and 2016
(pseudo-F = 1.55, P(perm) = 0.140).
Data analyses on MP concentrations through the water

column and sediment at stations and realms revealed
significant differences between stations (for station × depth

layer: pseudo-F = 1.73, P(perm) = 0.020) (Figure S8c) and
realms (for station × realm: pseudo-F = 3.37, P(perm) =
0.003) (Figure S8e). Polymer type compositions at HGIX
were significantly different from N5 (pseudo-F = 1.94,
P(perm) = 0.039). Polymer diversity was higher in sediment
samples compared to water samples (Figure 1c). PERMANO-
VA results of diversity indices (S and J′) for station × depth
layer showed significant differences between depth layers
(pseudo-F = 3.12, P(perm) = 0.011) because of the differences
between sediment and 1000 m (pseudo-F = 4.79, P(perm) =
0.014) and sediment and above seafloor layers (pseudo-F =
3.49, P(perm) = 0.038). Water column and sediment diversity
indices (S and J′) between stations and realms were
significantly different (station pseudo-F = 2.31, P(perm) =
0.0002; realm pseudo-F = 13.93, P(perm) = 0.039,
respectively).

Polymer Size Classes. There were no significant differ-
ences in the polymer size composition between stations,
realms, depth layers, water masses, station × water mass
interactions, and surface locations, but diversity indices
between realms were significantly different for station ×
realm groups (pseudo-F = 11.12, P(perm) = 0.0013). The
largest MP particle found within the water column was in the
150 μm size class (>125 ≤ 150 μm, Table S4b). Twenty-three
putative MP particles >500 μm including 14 fibers (Table S2
and Figure S2) were detected in the sediment samples. The
measurements by ATR-FTIR did not reach hit quality above
700 in repeated measurements (Table S2). Therefore, they
were not included in the data analyses. The largest MP particle
detected by FTIR imaging was in the 200 μm size class (>175
≤ 200 μm, Table S4b). MP of 11−25 μm size classes
accounted for 82% of the synthetic particles (Figure 1d and
Table S4b) in the water column and 72% in the sediment.
Only 0.15% of the particles exceeded 100 μm in the water
column and 1% in the sediment.

Environmental Parameters. MP concentrations in the
water column were positively correlated with POC (Spearman
ρ = 0.66, P = 0.01), PON (ρ = 0.60, P = 0.022), TPM (ρ =
0.61, P = 0.025), sampling depth (ρ = 0.48, P = 0.045), O2 (ρ
= 0.53, P = 0.025). Marginal tests of polymer size compositions
showed statistically significant values for sampling depth, O2
(for sample groups 1−3), POC (for sample groups 2, 3), PON
(for sample group 2), and TPM (for sample group 3) (Table
S7b). The multicollinearity among sampling depth, O2, POC,
PON, and TPM (Table S7c) was taken into account during
the selection of multivariate multiple regression model
selection (Paragraph S7). Marginal tests of polymer types
showed significant values for sampling depth, O2 and TPM
only for sample group 3 (Table S7b). Considering the
multicollinearity among O2, POC, PON, TPM, as well as the
significant correlation between polymer compositions and
these parameters, any of them (or in combination) would
explain the modeled variation among the samples. For the
polymer size compositions, the multivariate regression models
of O2 and salinity were selected as the distance-based linear
models for the sample groups 1 and 2 (Figure S7a, R2 = 0.30,
AIC = 110, and Figure S7b, R2 = 0.41, AIC = 88, respectively).
If environmental parameters including TPM were examined
(sample group 3), the models of sampling depth and TPM
were selected for polymer size and type compositions (Figure
S7c, R2 = 0.27, AIC = 92 and Figure S7d, R2 = 0.47, AIC = 81,
respectively). MP concentrations in sediments were not
correlated with environmental parameters.
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Particle Tracking. 2D trajectories showed distinct patterns
of source areas of the MP particles in the near-surface samples
(Figure 2). An area to the south of Svalbard was exclusively
projected as the source area of particles arriving at SVI, which
were carried by the Svalbard Coastal Current. At EGIV, the
trajectories suggested a pathway from the North to the
sampling station. Particles at HGIV were estimated to originate
from an area to the south of the Fram Strait carried by the
WSC. By contrast, the majority of the particles arriving at N5
and HGIX were projected to be carried from north of Svalbard.
A total of 11 groups of 3D trajectories were obtained for the

MP particles in the deep water column samples (300 m, 1000
m, above seafloor) (Figure S9). A total of 12 045 surface origin
points were computed, and a summary data set was created
(Table S9). 3D trajectories revealed the WSC and EGC as the
prime vector for particle transport to HGIV, N5, and HGIX,
yet with different intensities. The slower the settling velocity
the larger were the catchment areas. Most of the particles
detected at EGIV originated from the sea-ice covered areas
(66%) and thus from polar waters and at HGIV from Atlantic
waters (73%). Particles at HGIX originated from both water
masses: 52% from polar waters and 48% from Atlantic waters.
For all stations, 3D trajectories revealed mostly south of the
Fram Strait as the source area of the particles settling with a
velocity of 9 m d−1.

■ DISCUSSION

Our results show that MP particles are present throughout the
Arctic water column (9−1287 N m−3). Even though MP
concentrations in water samples were not as high as in
sediments (present study, 239−13 331 N kg−1; earlier study,2

42−6595 N kg−1) and in sea ice (1100−12 000 N L−1),4 it
should be noted that water samples represent a snapshot in

time, whereas sediment and sea ice samples reflect MP
accumulation over longer time scales. The mesh size of the
sampling and processing filters most likely resulted in the loss
of smaller particles (<32 and <20 μm, respectively). Therefore,
MP concentrations of the 11, 25, and partly 50 μm size classes
have to be considered as semiquantitative, indicating that a
more abundant number of particles in the small size range of
MP may be present as pollution in the Arctic. The fact that
sediments harbored 16 × 103 times higher quantities than were
observed in the water column further proves that the Arctic
seafloor constitutes a long-term sink for MP.2,52 This was
corroborated by a higher polymer diversity being found in the
sediments than in the water column, which indicates the
accumulation of a higher variety of polymers over long time
scales. There is currently no standard operational procedure
with respect to sampling, analysis, and reporting of MP
concentrations, but the number of MP per unit volume is the
most common unit used for water samples.2,53 A conversion of
quantities to cubic meters may result in extrapolation of MP
counts, yet such a conversion is necessary to allow
comparisons between studies. The large-volume pumps used
in the current study filtered between 218 and 561 L of seawater
per sample, resulting in a similar or lower magnitude of
extrapolation when compared to the earlier deep water column
studies18,20,21 (except Choy et al. (2019)19). For some
samples, particle concentrations within the purified volume
were high, and care had to be taken to ensure that Anodisc
filters were not overloaded. Thus, for example, only 5% of the
near-surface sample of the northern station could be analyzed,
which showed the highest MP concentration of all water
samples (1287 N m−3). While this value was treated as an
outlier in univariate analyses, the high abundance did not come
as a surprise as this station is located closest to the marginal ice
zone. Indeed, globally, some of the highest MP concentrations

Figure 2. Source areas of MP particles detected at the near-surface depth layers at five stations (gray dots) of the HAUSGARTEN Observatory as
computed by 2D backward trajectories, using the surface velocity field of the ocean model. The color scale shows the relative number of particles
that crossed a grid box. The gray lines represent the topography at 1000 and 2000 m depths.
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have been found in Arctic sea ice.4,5 Furthermore, the highest
MP concentration among above seafloor samples and in
HAUSGARTEN sediments (from surveys in 20152 and 2016)
was found at the northern station.
Combining results from sediments with those from water

samples provided more insight into accumulation mechanisms
of MP particles. However, different sampling realms, methods
and large discrepancies in concentrations constrain the
assessment of MP distribution throughout these ecosystem
compartments. As samples from Arctic waters have not been
analyzed with our methods before, the concentrations in the
water column were completely unknown, and the samples were
purified following enzymatic-oxidative treatment, the efficiency
of which was proven for several environmental matrices.36 On
the other hand, our sediment samples were a part of a time-
series of the HAUSGARTEN observatory, with samples
purified with Fenton’s reagent. Therefore, Fenton’s reagent
was used for the purification of the sediment samples to
maintain the consistency of the time series since the
comparison of the two treatments did not show any difference
in polymer compositions. Most previous studies on MP in
Arctic sediments54,55 have relied on visual selection of putative
particles, which were verified by FTIR (except earlier study of
HAUSGARTEN2). Indeed, HAUSGARTEN sediments seem
to harbor many more MP particles (239−13 331 N kg−1)
compared to other Arctic locations (5−69 N kg−1),54 but if we
limit the comparison to the >100 μm size range, MP
concentrations at HAUSGARTEN are in a similar magnitude
(8−142 N kg−1). However, if fibers are excluded, which
account for 64% of the MP particles at other Arctic locations,54

HAUSGARTEN sediments show substantially higher MP
concentrations.
MPs from near-surface layers have been reported from

Antarctica56 (0.17 N m−3), NE Pacific57 (8−9,180 N m−3),
Monterey Bay19 (2,900 N m−3), European coasts58 (∼300 N
m−3), and North Atlantic Subtropical Gyre58 (∼100 N m−3).
The latter two are pertinent to compare with the
HAUSGARTEN observatory results directly as Enders et al.
(2015)58 identified MPs down to 7 μm. Near-surface
concentrations at HAUSGARTEN appear higher (113−1287
N m−3) than measured in the North Atlantic Subtropical
Gyre.58 Levels of 0−31 N m−3 with fibers (except Morgana et
al. (2018)59) accounting for 91−96% were reported from the
near-surface layers of the Arctic Ocean.18,59−61 Only one of the
near-surface samples contained MP particles >100 μm at
HAUSGARTEN. Overall, 99.9% of MPs in the water column
were between 10 and 100 μm, highlighting once more2,4,8,35,36

how crucial it is to detect small MP particles (<100 μm) to
quantify the true extent of MP pollution in the environment.
There may well be high abundances of yet smaller MP particles
below our current detection limit (11 μm). This is important
because such information affects the outcome of risk
assessments.62 A higher contribution of particles >100 μm in
the sediment compared to the water column indicates a lower
residence time of small MP in surface waters, which contradicts
earlier studies.58,63 Whether this inconsistency is due to
hitherto unnoticed amounts of small MP or due to possible
interactions with water column processes is an important
research question.
The highest MP concentrations were found in the near-

surface samples from all stations, except for the Molloy Deep.
While increasing concentrations with depth were reported
from the Mariana Trench (2060−13 510 N m −3),20 no clear

pattern was found at the Arctic Central Basin (0−375 N
m−3)18 and highest concentrations were observed between 200
and 600 m at Monterey Bay (15 000 N m−3).19 In the present
study, the mean MP concentration decreased 6-fold toward the
1000 m depth layer resulting in profiles similar to those of
POC,39 with concentrations doubling above the seafloor.
Interestingly, the vertical distribution of particles at the Molloy
Deep indicated a different mechanism in the MP flux, which
implies the importance of the local ocean circulation for the
distribution of MP. A similar polymer type composition was
found at all depths of the Molloy Deep, whereas at the other
stations polymer diversity varied between depth layers.
Additionally, the Molloy Deep is the only station where no
positively buoyant polymers were found and where the highest
MP concentration among different sampling depths occurred
at the closest sampling location to the seafloor. The Molloy
Deep is the deepest known depression in the Arctic Ocean,
which acts like a trap for organic matter because of its depth,
topography, and hydrography.64 Model studies indicated that
one of the two main recirculation branches of the WSC
cyclonically encircles the Molloy Deep.46,65 As in the case of
eddies, the cyclonic loop leads to upwelling at its center and
divergence of particles at the surface.66 The higher MP
concentration above the seafloor, in contrast, might be related
to the steep slopes around the Molloy Deep, which may
facilitate accumulation of particles toward nepheloid layer.
Even though the full depth of this station is twice the depth of
most of the other HAUSGARTEN stations, 3D trajectories
showed a catchment area identical to other stations.
The positive correlation between MP concentrations and

O2, POC, PON, and TPM in the HAUSGARTEN water
column is remarkable. Correlations alone may not be sufficient
to draw firm conclusions, but earlier studies have already
shown that MP particles incorporate into marine snow,22,23

fecal pellets,24,25 and phytoplankton heteroaggregates26−29

indicating biological pathways in the downward flux of MP
particles. Zhao et al. (2018)30 identified MP in 73% of the
marine aggregates collected during field surveys and proposed
that they act as a transport medium for MP in the water
column. Despite the 32 μm mesh size of the sampling filters
used, the detection of particles <32 μm in the HAUSGARTEN
water column corroborates these findings. The occurrence of
MP particles in phytoplankton heteroaggregates is interesting
in the context of the Arctic Ocean since the POC
concentration in the upper water column of the Fram Strait
is strongly related to phytoplankton growth.39 Processes
related to sea ice are driving factors for the biological pump
in the Arctic Ocean.67 Sea-ice-derived cryogenic gypsum
enhances carbon export during under-ice blooms of the
haptophyte Phaeocystis.68 Such ballasting effects may also
enhance the flux of MP to the deep ocean. Interannual
variability affects MP amounts in aquatic environments.69 The
sampling at the HAUSGARTEN observatory was carried out
in June−July, during a period of phytoplankton blooms, which
may have led to the correlation of MP with POC.
Earlier studies used MP fragments and beads in a range of

2−500 μm22,24,26,70 to experimentally investigate whether they
incorporate into marine particles or not. However, there are
currently no data available as to how the size of MP affects the
rate of this incorporation since experimental studies have
investigated specific concentrations, polymer types, or
sizes.22,24,26,70 The distribution of MP size classes at
HAUSGARTEN did not show any difference throughout the
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water column, which concurs with the particle and plankton
size distribution from the upper water column in the Fram
Strait.71 Multivariate correlation between MP size classes and
POC indicates size-related interactions of MP particles with
biological processes. MP particles have been detected in
larvaceans from 200 to 400 m depth19,72 and in zooplank-
ton.24,70 Another Arctic-specific example is the ingestion of MP
by polar cod (Boreogadus saida),6,59 which is considered a
keystone species and whose juveniles are particularly depend-
ent on sea ice. Thus, another understudied mechanism of
downward flux of MP particles may be the transportation by
pelagic organisms through the water column. Small MP
particles have been shown to decrease the survival and
reproduction of the rotifer Brachionus plicatilis.73 Along with
the finding of almost all MP particles in the water column
being <100 μm, these other observations also validate the
concerns as to how much MP enters into the food chain and
what effects this may have on the well-being of organisms,
including humans.
Considering the complex hydrographic structure of the Fram

Strait, it is crucial to adopt a holistic approach in the efforts of
identifying sources, pathways, and sinks of MP. A validated
model simulation37 was used in the present study to track MP
particles in the water column back to their potential source
areas at the ocean surface. 3D particle trajectories emphasized
the importance of lateral advection and variable particle
settling velocities in the vertical distribution of MP particles.
The vertical ocean velocities were neglected and a constant
sinking speed was used in the model, which may be a
particularly important parameter at frontal regions, and thus,
they need to be investigated in future simulation efforts. It was
estimated that MP particles detected above the seafloor
traveled distances between 604 and 654 km. Therefore, when
considering the sinking of MP particles, the focus should be
rather on downward flux mechanisms than direct vertical
transport. With the slowest settling velocity of 9 m d−1,
particles are exposed to the currents to a greater extent, and
thus the influence of the WSC and of its recirculating branch,
present at the surface and at intermediate depths of all deep
stations, is much higher. Correspondingly, 3D trajectories
suggested that most of these particles were carried to the Fram
Strait from the south, which may be a pathway for positively
buoyant polymers.
2D particle trajectories validated distinct spatial patterns in

the transport of certain polymers. Ethylene-propylene-diene
rubber was abundant in almost all water column samples and
made up 96% of all the MPs detected at the surface layer of the
Svalbard shelf station. 2D trajectories revealed south of
Svalbard and the Barents Sea as the only source of these
particles, suggesting North Atlantic and European origins.
Ethylene-propylene-diene rubber is widely used in roofs, the
automotive industry (as sealing material) and for artificial turf
filling.12 The latter is notable since it is widely used and poses a
risk for human health.12 Another distinct pattern was noticed
in the near-surface samples of the station located in the East
Greenland Current region. This layer contained the highest
proportion of ethylene vinyl acetate (36%) among all samples
and the modeled trajectories indicated polar waters as the only
likely origin. This material is widely used in products, such as
paints, coatings, safety glass, packaging, adhesives, and
textiles.74 This polymer accounted for up to 10% of the MP
particles identified in an ice core from East Greenland4

corroborating a sea ice origin. 3D trajectories also suggested a

sea ice origin for the majority of the particles found in the deep
waters of East Greenland. Polyamide dominated all water
column samples and has been observed in Arctic sediments,2

ice cores,4,5 and snow8 albeit in lower proportions. It is widely
used in synthetic fabrics, carpets, sails, and fishing nets and is
one of the dominant polymers used in European fisheries.75

Because of its widespread usage, it is impossible to draw firm
conclusions as to exact origins and transportation pathways of
the polyamide particles observed in the current study. It may
be speculated that increased fishery activity, an indirect
consequence of the declining sea ice, may be a source for
polyamide in Fram Strait waters. Acrylates/polyurethanes/
varnish/lacquer, one of the most abundant polymers in the
water column, is widely used as coating material in
architectural, automotive, shipping, and wind turbine applica-
tions to protect or decorate surfaces.74 It has also been a
dominant polymer found in snow and ice cores.4,8 Sea ice
trajectories revealed the Laptev Sea as the potential origin of
such material in one of the ice cores with a high abundance.4

Our data indicate a widespread MP pollution of the Arctic
Ocean and support the hypotheses that the Arctic is an
accumulation area for MP particles transported (i) from the
North Atlantic via the thermohaline circulation,76 (ii) from the
north of the Fram Strait entrained in sea ice and released
during melting,4 (iii) from the Barents Sea,77 (iv) via local
emissions from increasing shipping activities,15 (v) from
different directions through the atmosphere and precipitation,6

and (vi) from the discharge of rivers.78 The findings from the
Molloy Deep highlight the importance of local circulation
features for the distribution of MP particles. Size-dependent
relations between MP and biogenic particles suggest that biotic
processes throughout the water column affect MP distribution.
The POC flux to the Arctic seafloor is low;79 however, sea ice
decline in the Arctic and longer summer periods stimulate
primary production.80,81 It is unclear how incorporation of MP
into marine aggregates affects the efficiency of the biological
pump and consequently deep-sea ecosystem functions in the
Arctic. Nevertheless, increasing plastic leakage into our
oceans,82 especially into an ecosystem which has already
been stressed by climate change as the Arctic Ocean, may well
have unknown ecological repercussions.
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