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Microplastic pollution in semi-enclosed seas is gaining attention since microplastics
are more likely to accumulate there. However, research on the vertical distribution of
microplastics and impact factors is still limited. In this study, we focus on the Baltic Sea,
which has distinguished salinity stratification, and we assume that the resulting strong
density stratification (halocline) can influence the vertical distribution of microplastics
in the water column. Therefore, we analyzed the vertical abundance distribution, the
composition, and the sizes of microplastics (27.3-5,000.0 wm) in the Baltic Sea. The
results showed that microplastics comprising fibers, fragments, and films occurred
throughout the water column at an abundance of 1.1-27.7 items L~". The abundance
of microplastics (3.2-27.7 items L~") at haloclines was significantly higher than those
at other water depths except the near surfaces (p < 0.05), contributing 24.1-53.2%
of the microplastics in the whole water column. Small microplastics (<100 um) were
more likely to accumulate in the water layers above halocline. Moreover, the current with
high turbidity might be another carrier of microplastics in the near-bottom water layer
due to its strong correlation with microplastics abundance. This study provides valuable
evidence for the accumulation trend of microplastics in water columns and its influencing
factors in the semi-enclosed marginal sea. Further research on the vertical distribution of
microplastics under the control of multiple factors should be conducted in the future.

Keywords: Baltic Sea, halocline, microplastics, turbidity, vertical distribution

INTRODUCTION

The widespread occurrence of microplastics as an anthropogenic fingerprint in the environment
has received global attention (Rochman, 2018). Microplastics can persist for a long time in
the marine environment owing to their durable properties and are readily transported over
long distances from sources by wind and currents (Barnes et al., 2009; Isobe et al., 2014;
Zhang, 2017; Zhang et al, 2021). During this period, there is an increased possibility of
microplastics compounding environmental chemicals (i.e., metals or persistent organic pollutants)
and microorganisms (Frias et al., 2010; Reisser et al., 2014; Brennecke et al., 2016). This may lead
to changes in their density and influence their fate by sinking, further damaging marine organisms,
living at different depths of the water column, or even ecosystems (Kowalski et al., 2016; Jeong et al.,
2018; Paul-Pont et al., 2018; Zhang et al., 2020a; Uurasjérvi et al., 2021).
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Until recently, most studies focus on the amounts of marine
microplastic pollution in the surface or subsurface layers
(Lusher et al., 2015; Song et al., 2015; Zhang et al., 2017;
Kanhai et al., 2018). However, it is difficult to determine the
number of microplastics in the ocean without investigating
their abundance at different depths. Polypropylene (PP, p
= 0.85-0.92g cm™>), polyethylene (PE, p = 0.89-0.98g
cm~3), expandable polystyrene (EPS, p = 0.01-0.05g cm~3),
polyethylene terephthalate (PET, p = 1.38g cm ™), and rayon
(p = 1.46-1.54g cm~>) are considered common polymer types
in the marine environment (Dai et al., 2018; Silvestrova and
Stepanova, 2020; Zhang et al., 2020b). Although the densities of
these plastics are lower or higher than the density of seawater,
there is growing evidence that they can be transported up and
down the water column by vertical mixing, and get to different
layers of the water column (Kukulka et al., 2012; Gorokhova,
2015; Dai et al., 2018; Cincinelli et al., 2019; Rebeca et al., 2021;
Uurasjérvi et al., 2021) and sediments (Van Cauwenberghe et al.,
2013; Bergmann et al., 2017; Barrett et al., 2020; Reineccius et al.,
2020) and do not just simply float on the surface. However, an
understanding of the impact factors on the vertical distribution
of microplastics is still limited.

The studies on microplastic vertical distribution are usually
based on predictions and measurements made in laboratory
experiments based on particle shape, size, and density, and
also different environmental factors (Cole et al., 2016; Kowalski
etal., 2016). For example, currents, aggregation with organic and
inorganic particles, and biofouling can affect the transportation,
sinking, and distribution of microplastics in the marine
environment (Long et al, 2015; Suaria et al, 2016; Kaiser
et al,, 2017; Kooi et al.,, 2017; Wu et al, 2020). However,
there is still not enough research based on the in situ data on
microplastics to understand the vertical distribution in the water
column and the factors determining it. More and more studies
have indicated that the densities of virgin plastics cannot be
considered as a decisive factor affecting the vertical distribution
of microplastics in the seawater (Kaiser et al., 2017; Chen et al.,
2021; Karkanorachaki et al., 2021). It seems that environmental
factors play an important role in the vertical distribution of
microplastics. Some studies show that microplastics accumulate
mainly at the near-surface, the near-bottom, or specific layers
due to environmental factors including storms, wind-driven
mixing events, resuspension, and attachment (Lattin et al., 2004;
Corcoran, 2015; Reisser et al., 2015; Katija et al., 2017; Martin
et al., 2017; Dai et al., 2018; Song et al., 2018; Choy et al., 2019).
For instance, Choy et al. (2019) found the highest abundance
of microplastics at depths between 200 and 600 m (roughly 15
particles m~3) in Monterey Bay because of the contribution of
the pelagic particle feeders. Dai et al. (2018) reported that the
turbulence caused microplastics to accumulate mainly at 5-15m
depth with an abundance of 0.6-23.0 items L~! in the Bohai
Sea. The halocline, which was caused by a strong, vertical salinity
gradient within a body of seawater, usually is a distinctive feature
of the semi-enclosed sea (Ferentinos et al., 2010; Virtasalo et al.,
2011). It was believed to affect the vertical distribution of the
particles including plastics in the water column, but there is little
unequivocal evidence for the small microplastics (Gorokhova,

2015; Bagaev et al., 2017). Moreover, turbidity currents prevail at
the near-bottom layers in the ocean including semi-enclosed seas,
but the ability of bottomed currents to transport and accumulate
plastics is essentially unknown (Pohl et al., 2020).

The Baltic Sea is a typical semi-enclosed sea. Microplastic
pollution in the Baltic Sea has been reported in recent years,
and most investigations have focused on the (near) surface
water (Setild et al., 2016; Gewert et al., 2017; Schonlau et al,,
2020; Hinninen et al., 2021), seafloor, and beach sediments
(Stolte et al., 2015; Talvitie et al.,, 2015; Graca et al.,, 2017;
Zobkov and Esiukova, 2017; Kammann et al., 2018; Urban-
Malinga et al., 2018). There are only a few studies focused on
the vertical distribution of microplastics, but research based on
the multi-regions, multi-depths, and relevant impact factors of
microplastics distribution are limited (Gorokhova, 2015; Bagaev
et al,, 2017, 2018; Zobkov et al,, 2019; Uurasjarvi et al., 2021).
Moreover, as a semi-enclosed sea, the density of the seawater in
the Baltic Sea varies considerably with temperature and salinity
such that a microplastic that floats may sink as soon as the
salinity or temperature changes (Bagaev et al., 2017; Uurasjédrvi
et al,, 2021). Previous studies indicate that the halocline may
affect the vertical distribution of the plastic particles in the Baltic
Sea, but small microplastics (especially <100 jLm) were ignored
(Gorokhova, 2015; Bagaev et al., 2017; Uurasjdrvi et al., 2021).

Here, we focused on the distribution characteristics of
microplastics with a wide size range of 25.0-5,000.0 pm
aiming to (1) clarify the differences of the regional and
vertical distribution of microplastics. We tested the hypotheses
that, (2) the strong salinity stratification can facilitate the
accumulation of microplastics in the water column. Finally,
(3) the turbidity can influence the abundance of microplastics
at the near-bottom of the water column. This study provides
valuable evidence for the accumulation trend of microplastics
in water columns and impacts of halocline and turbidity on
the vertical distribution of microplastics in the semi-enclosed
Baltic Sea.

MATERIALS AND METHODS

The Study Area

The Baltic Sea (53°-66°N, 10°-30°E), with average depth of
55m and a maximum depth of 459 m, is surrounded by nine
countries and is the largest inland brackish adjacent sea of
the Atlantic Ocean. The water temperature of the Baltic Sea
varies significantly depending on the exact location, season,
and depth. The salinity in the Baltic Sea is much lower than
that of ocean water, mainly as a result of abundant freshwater
runoff from the surrounding rivers and streams. There are more
than 250 streams that drain a basin of about a volume of 660
km? year~! to the Baltic Sea. Moreover, due to the inflow of
the North Sea water with higher salinity from the west, the
bottom of the Baltic Sea is saltier than the surface. It creates
a vertical stratification named halocline of the water column,
which acts as a barrier for the exchange of oxygen, nutrients, and
particles (Maciejewska and Pempkowiak, 2014; Liblik and Lips,
2019).
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FIGURE 1 | Regional distribution of sampling stations for water and sediment
in the Baltic Sea. (Red dot, both water, and sediment samples were sampled;
black dot, only water samples were sampled. Sediment samples at stations
TF0271, MS4, and F3 were not obtained due to bad weather conditions and
resulting time limitations).

Vertical Sampling of Water and Sediment
The water samples were taken at 12 locations during a routine
winter monitoring cruise of the Leibniz Institute for Baltic Sea
Research (Warnemiinde, Germany) in February 2019, and two
locations in the northern Baltic Sea were added to the data set in
May 2019 covering different basins of the Baltic Sea to obtain the
spatial diversity of sampling. The sampling stations were located
in the nearshore and offshore zones, covering Arkona Basin,
Bornholm Basin, Gotland Basin, Gulf of Bothnia, Northern
Baltic Proper, Liibeck Bay, Kiel Bight, and Fehmarn Strait as
shown in Figure 1 and Supplementary Table 1. About 10L of
seawater was collected at each selected water depth between
the near surface (1-3m from the seawater surface) and the
bottom (1-5m from the seabed surface with a maximum sampled
depth of up to 437 m) using a 12-bottle rosette sampler system
(SBE 9 Carousel Water Sampler) connected to a conductivity,
temperature, and depth sensor (CTD) system (SBE911Plus, Sea-
Bird, Bellevue, WA, USA) and equipped with 5-L free flow
bottles. In addition to the water salinity, other water parameters
including temperature, dissolved oxygen, chlorophyll a, and
turbidity were also measured in situ by the CTD. Different water
depths were chosen (the near surface and the depths of 10, 20,
50, 100, and 200 m until the near-bottom water layer) based on
the station-specific depth and the depth of halocline for sampling
(see Supplementary Table 1). About 5L of water sample with
two replicates collected at each depth and station was stored in
a clean glass bottle for microplastic analysis.

The bottom sediments (top 3cm) at each station were
collected using a stainless multicore with tubes of 10 cm diameter.
At each sampling site, three subsamples were collected and then

bulked to form one composite sample. All the samples were put
into the clean (pre-washed) aluminum containers respectively
and stored at low temperature.

Microplastics Extraction From Water and

Sediment

Extraction of the microplastics from the water samples was
conducted using the method of Dai et al. (2018). Briefly,
each 5-L water sample was filtered through a 47-mm diameter
cellulose nitrate filter with 5pum porosity (Whatman AE9S,
Cytiva, Marlborough, MA, USA) immediately by using the
vacuum filtration device in the filtration laboratory on-board.
The samples were not treated with hydrogen peroxide or
enzyme-digested because they were needed for subsequent
surface micromorphology analysis, and samples collected during
the winter had low organic matter contents (Cole et al., 2014;
Bagaev et al., 2018). Each filter was stored in cleaned glass Petri
dishes with a diameter of 60 mm. The dishes with filters were
sealed using glass lids, wrapped with aluminum foil, and stored
at 4°C for further observation.

The microplastics were extracted from the sediment samples
by density separation (Thompson et al., 2004; Vianello et al,
2013). All sediment samples collected were dried in a vacuum
freeze dryer and filtered through a stainless-steel screen with a
2-mm aperture for removing large pieces of biological residues.
Dried sediment (5.0g) was placed in a pre-cleaned 250-ml
tall glass beaker, mixed and dispersed thoroughly with 50-ml
saturated sodium chloride solution (p = 1.2g ml™!, filtered
through a 5 um cellulose nitrate filter), and then more saturated
sodium chloride solution was continually added to the beaker
until the maximum mark line. Two replicates were conducted
simultaneously. The glass rod was used to stir thoroughly for
2min to make the sediment evenly dispersed in the solution,
and then the substance adhered to the glass rod was rinsed
into the beaker with sodium chloride solution. The beaker was
covered with aluminum foil and settled for 24 h for microplastic
separation. Floating materials were collected by filtration using a
cellulose nitrate filter with 5 wm pore diameter (Whatman AE 98,
Cytiva, Marlborough, MA, USA).

Observation, Identification, and

Quantification of Microplastics

Preliminary observation and quantification of the microplastics
in the filtered residues were conducted by visual examination
under a Zeiss Discovery V8 stereomicroscope with x80
magnification (Zeiss AG, Oberkochen, Germany). All filters
were observed under the eyepiece with the aid of stainless-
steel tweezers and dissection needles. Putative microplastics were
counted based on the colors and morphology types of particles
previously published in photographs and references (Nor and
Obbard, 2014; Bagaev et al, 2017; Zhou et al., 2018). They
were then photographed under the stereomicroscope equipped
with a charge-coupled device (CCD) camera, and the shape
type and color of every suspected microplastic were recorded.
The quantification and the size measurement, including the
length and the width of all potential microplastics, were carried
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out using the Image] program (National Institutes of Health,
Bethesda, MD, USA). A total of 2,557 potential microplastics
comprising 2,268 fibers, 280 fragments, and nine films were
recorded. Due to time constraints, only a limited number of
microplastics have been analyzed using micro-Fourier transform
infrared spectroscopy (;t-FTIR). For doing it, we classified them
into different groups and subgroups based on their color, shape,
and morphologies (Supplementary Table 3). Microplastics and
suspected microplastics comprising 227 fibers, 20 fragments,
and four films were selected based on the different colors and
shape morphologies from each group (Supplementary Table 3).
They were identified using u-FTIR spectrometry (Spotlight 400,
Perkin Elmer, Waltham, MA, USA) with spectral region 750-
4,000 cm™! and a resolution of 4 cm™! at a rate of 16 scans
per analysis. The spectra obtained were compared with the
standard database provided by the OMNIC software (Thermo
Scientific Inc., Waltham, MA, USA). The analysis provided
us with a proportion of the real number of plastic particles
and the non-plastic particles in the original group and allowed
us to correct our original counts in each subgroup in the
same proportion according to the identification results and
morphology information. Rayon is an artificial semi-synthetic
material, which is different from natural materials, such as cotton
and wood (Obbard et al.,, 2014; Gago et al., 2017). Rayon makes
up a significant proportion of synthetic microparticles found in
the marine environment (Lusher et al., 2013; Suaria et al., 2020)
and has a large proportion in this study. Therefore, we classified
rayon into a microplastics group for further examination and
discussion. Moreover, in this study, we also considered the poly
(N-methyl acrylamide) as a plastic polymer based on its chemical
structure and acrylic properties. Finally, a total of 88 particles
were not plastics in the groups of selected particles. Based on the
proportion of identification results and the information on the
recorded particles, all non-plastics were removed, and a total of
1,449 particles comprising 1,265 fibers, 176 fragments, and eight
films were regarded as microplastics and analyzed further.

The microplastics from the near-surface water (two particles),
haloclines (four particles), the near-bottom water (four particles),
and sediments (three particles) were selected randomly to
observe the surface substances using a MERLIN VP compact
(Carl Zeiss, Oberkochen, Germany) in a vacuum. Samples were
dried at room temperature first, and then placed on pin stubs
with adhesive carbon pads and sputter coated with iridium
by argon plasma at high voltage before analysis. The scanning
electron microscope (SEM) was operated at 15.0-kV electron
accelerating voltage.

Quality Assurance and Quality Control

All containers and instruments were cleaned with MilliQ water
and covered with aluminum foil before use. Sample processing
and separation were carried out in a laboratory specified for
marine-particle analysis at the IOW (Germany), whereas the
filtration of water samples was carried out onboard. Non-
textile jumpsuits were worn during the experimental work
to prevent contamination from fibers and other microplastic
particles. Procedural blanks using MilliQ water were run in
parallel with water samples. Blanks using filtered NaCl solution

were run parallel with the processing of the sediment samples
in the laboratory at IOW. Only blue fibers were observed in
the blanks with one to four particles in 5-L MilliQ. Only
two to three blue and transparent fibers were counted in
the blanks during the sediment analysis. The quantities of
the microplastics in all samples were calibrated based on
the blanks.

Statistical Analysis

Microplastic abundances in water or sediments are presented
as the number of microplastic particles per liter or per
gram dry weight (items L' or items g~! dw.). Data
analysis was conducted using Microsoft Excel 2010 (Microsoft
Corp., Redmond, WA, USA) and OriginPro 8.0 (OriginLab
Corporation, Northampton, MA, USA). The Pearson correlation
was used for the correlation analysis between the abundance
of microplastics and temperature, salinity, turbidity, dissolved
oxygen, or chlorophyll a. One-way ANOVA was conducted
to compare the difference of microplastics abundance among
different regions and sampling depths using the IBM SPSS 20.0
software package (IBM Corp., Armonk, NY, USA), and the
mapping of the spatial distribution of microplastics was
conducted using ArcGIS10.2 (ESRI, Redlands, CA, USA).

RESULTS

Occurrence Characteristics of

Microplastics in the Baltic Sea
The range of microplastic abundance was 1.1-27.7 items L~}
with the mean abundance of 5.8 + 5.0 items L™! in the water
(for the original data, see Supplementary Table 4). The highest
abundance of microplastics was found at station TF0286 in the
Northern Baltic Proper and the lowest at station MS4 in the north
of the Baltic Sea (Bothnia Sea). In the horizontal distribution, the
microplastic abundance in the near-surface layers of the southern
(8.8 + 3.8 items L™!) and central (6.0 & 7.8 items L") regions of
the Baltic Sea was significantly higher than in the northern region
(1.0 £ 0.8 items L71), (p < 0.05). The vertical distribution of
microplastics showed different patterns that changed with depth
among the stations (Figure 2). The coefhicients of variation of
microplastics abundance at different depths within the water
column were 0.2-0.9 (¢, < 1, Table 1), showing small differences.
Three shape types of microplastics comprising fibers,
fragments, and films were found in the Baltic Sea
(Supplementary Figure 1). The fibers were the most popular
type with a mean abundance of 5.2 & 4.8 items L™! (~90.4%
of all microplastics) in the Baltic Sea water (Figure3A and
Supplementary Figure 6). Fragments were the second most
abundant type with a mean abundance in the water of 0.5 +
0.6 items L™! (~9.4% of all microplastics), (Figure 3A). Films
showed the lowest abundance of only 0.01 £ 0.07 items L~!
(~0.3% of all microplastics), (Figure3A). Films were found
only at two sampling stations in the southern area (TF0012
and TF0360) close to the coast. The microplastic shape types
were less diverse in the sediments than in the water column.
Here, only fibers (0.6 & 0.4 items g~! d.w.) and fragments (0.1
+ 0.2 items g=! d.w.) were found (Supplementary Figure 7).
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FIGURE 2 | Distribution of different microplastic types in the water and sediments in the Baltic Sea. The unit of the abundance of microplastics in the water column

and sediments are items L~" and items g~" d.w.; “NS,” near the surface; “B,” near-bottom layer; “Sed.,” sediment; the Y-axis represents sampling depth (m); the
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TABLE 1 | Variation in the vertical distribution of microplastics (items L") in the
water column in different regions of the Baltic Sea.

Region Station Range Average SD* Ccv*
Southern region  Rostock coast TFO5 7088 7.8 09 0.1
Libeck Bay TFOO12 3.0-7.1 47 22 05
Kiel Bight TFO360 3.0-6.7 49 18 04
Fehmarn strait TFOO10 52-11.9 7.8 36 0.5
Arkona basin TFO113 6.5-10.7 9.0 23 0.2
Bornholm basin TFO213 2.9-148 7.8 51 0.7
Central region Eastern Gotland basin  TF0256 2.0-5.3 3.6 1.4 0.4
TFO271 1.1-56 36 1.6 04
Northern Baltic proper TF0286 2.6-27.7 156 9.5 0.6
Western Gotland basin  TF0284 1.3-8.8 52 29 0.6
TF0240 1.9-9.1 34 32 09
TF0242 08-32 22 12 05
Northern region  Gulf of Bothnia F3 04-50 27 23 09

MS4 14-22 17 04 02

Total - Total 04-277 58 50 09

CV: coefficient of variation.

Black and blue microplastic particles were dominant in
both water and sediments (Supplementary Figure2). The
microplastic polymers consisted of rayon (81.0%), PET (4.9%),
PP (4.3%), polyamide 6 (PA6), (3.7%), polybutene (PB), (2.5%),
polytetrafluoroethylene (PTFE), (1.8%), and poly (N-methyl
acrylamide), (1.8%) based on all identified polymer particles
(Supplementary Figures 3, 4). The histogram presents the size
distribution of microplastics in waters and sediments (Figure 3B
and Supplementary Figure 8). Microplastics with size range
<1 mm dominated both in water (77.5%) and sediments (91.6%)
sampled. However, the size distributions of microplastics
showed one peak at 300-1,000 um in water but 100-300 wm
in sediments.

Microplastics at the Haloclines

The six sampling stations TF0360, TF0213, TF0286, TF0284,
TF0240, and TF0242 (Figurel) with strong haloclines
(Supplementary Table 1) showed significant accumulation
of microplastics in this distinct layer (Figure4). By contrast,
other sampling stations (e.g., TF0010 and TF0012) without
evident haloclines showed microplastic accumulation at the
near-surface layer. The microplastic abundance in the halocline
at ~16 m depth (a salinity difference of 3.2) of station TF0360
was 6.7 items L™!, accounting for 45.9% of them in the entire
water column. This was 1.4-2.2 times higher than at the other
two water depths with microplastic abundances of 3.0 and 4.9
items L~!, respectively (Figure4A). At station TF0213, the
abundance of microplastics at the halocline (7.5 items L~!)
was lower than at the near-surface layer (14.8 items L™1) but
significantly higher than at other layers (2.9-5.8 items L™1),
(Figure 4B). In the deeper basins at stations TF0286, TF0284,
TF0240, and TF0242, the abundances of microplastics in the
halocline at a depth of ~100 m were all higher than at the other
depths (Figures 4C-F). Among them, the highest microplastic

= Fibers

= Fragments

= Films
B
40
35
“ | |
25 u Water
= Sediment

Proportion of the size-fractions %

<100 100-300  300-1000 1000-3000 3000-5000 >5000 Mm

FIGURE 3 | The shape types (%) (A) and the size fractions (%) (B) of the
microplastics in water and the sediments of the Baltic Sea.

abundance in the water columns of the Baltic Sea occurred in
the halocline of station TF0286 with up to 27.7 items L~!. In
general, the microplastic abundance in the halocline at the above
six stations ranged from 3.2 to 27.7 items L~! (mean 10.5 + 8.7
items L), contributing 24.1-53.2% of the microplastics in the
whole-water column and in total 33.8% at all sampling depths of
the six stations.

In terms of types, fibers pre-dominated in the halocline,
accounting for 90.3%, whereas fragments and films contributed
only 9.4 and 0.3%, respectively, consistent with the overall
distribution of microplastic types in the Baltic Sea. Heavy
polymers (PET, p = 1.38g cm~?) with densities higher than
seawater and light polymers (PP, p = 0.85-0.92 g cm ), together
with the semisynthetic polymers (rayon), were detected in the
halocline. The size of microplastics in the halocline showed a
wide range of 30.0-4,972.0 um, with a mean size of 694.0 +
860.6 um. The proportion of microplastics with size <300 um
accounted for nearly 50% in the halocline and almost 40%
of microplastics at all water depths. Moreover, the percentage
of microplastics with size <100pm in the layers above the
haloclines (including haloclines, 18.1%) was higher than those
in the layers below the halocline (11.9%), but there were no
discernible differences (p > 0.05), (Supplementary Figure 5).

Microplastics at the Near-Bottom Turbid
Water Layer

The results here showed that microplastics tend to accumulate in
the near-bottom layer in addition to the halocline in the Baltic
Sea (Figure 2). The mean abundance of microplastics was 5.3 &+
3.5 items L™! at the near-bottom layer, lower than at the near-
surface layer (6.0 + 6.5 items L™!) and the halocline (10.5 +
8.7 items L), but higher than at the other water depths (4.4
3.1 items L™'), (Supplementary Table 4). Fibers accounted for
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90.4% (4.8 + 4.3 items L™1), but fragments and films accounted
for only 9.3% (0.5 £+ 0.5 items L™1) and 0.3% (0.01 £ 0.05
items L™1), respectively, consistent with the distribution of the
microplastic types at the haloclines. The most abundant polymer
was semisynthetic rayon, accounting for 81.2%, whereas the
polymers PET, PA6, and PB accounted for only 3.1-6.3%. The
mean size of the microplastics at the near-bottom layer was
591.0 + 840.0um with a high percentage (53.6%) of short
particles (<300 pm).

DISCUSSIONS

High Levels of Microplastic Pollution in the

Semi-enclosed Baltic Sea

Surprisingly, the abundance of microplastics in the Baltic Sea
is one order of magnitude higher than that in the open sea
such as the North Sea (23.0 items m—3), (Roscher et al., 2021),
(Supplementary Table 2). Similar microplastic abundances in
the Baltic Sea were also reported by Bagaev et al. (2018) and
Tamminga et al. (2018). Previous studies on the semi-enclosed
seas, including the Bohai Sea and the Maowei Sea, showed high
levels of microplastic pollution, with microplastic abundance up

to 7,000 items m~> (Dai et al., 2018; Zhu et al, 2019). They
indicated that semi-enclosed seas are particularly susceptible to
trapping microplastics, due to the emission of micropollutants
from industrial and domestic uses, slow flushing, and restricted
water exchange (Korpinen et al., 2012; Li et al,, 2018; Schmidt
et al,, 2020). The microplastic abundance in the near-surface
layers of the southern and central regions of the Baltic Sea was
significantly higher than in the northern region in this study.
This is because there are more intense anthropogenic activities
including harbors, shipping, wastewater treatment plants, and
the heavier load of pollutants in rivers caused by urban areas in
the south than those in central and northern areas (Stankiewicz,
2010; Talvitie et al., 2015; Gewert et al., 2017; Rotander and
Kérrman, 2019).

Fiber was the major contributor of types of microplastic
pollution in the Baltic Sea. It shows clear domination of fibers
at all depths of the water column and in the surface sediments,
consistent with other surveys of microplastics in the Baltic Sea
(e.g., Bagaev et al, 2017; 2018; Tamminga et al., 2018; Zobkov
et al., 2019). Rayon fibers were the most prevalent type and
distributed throughout the water columns and sediments in the
Baltic Sea, which is consistent with the study on microplastics in
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the Coral Reef Systems (Ding et al., 2019), Maowei Sea (Zhu et al.,
2019), Arctic Sea ice (Obbard et al., 2014), and in Arctic polar
waters (Lusher et al., 2015). Numerous studies have indicated
the widespread occurrence of rayon fibers throughout marine
environments (Lusher et al., 2013; Remy et al., 2015; Taylor
et al., 2016; Sanchez-Vidal et al., 2018; Suaria et al., 2020).
However, it is controversial to classify rayon as a microplastic
worldwide (Peeken et al., 2018). Clothing made from synthetic
and semisynthetic fibers, such as rayon, PET, and PA6 is common
and therefore potential source of contamination in the Baltic Sea.

Haloclines Facilitate the Trapping of

Microplastics

Interestingly, a distinct accumulation of microplastics at the
specific sampling depth (the haloclines, most of them roughly
at 50 or 100m) at the sampling stations TF0360, TF0213,
TF0286, TF0284, TF0240, and TF0242 was revealed. It indicated
that the halocline is a key layer for the accumulation of

TABLE 2 | Pearson correlation coefficients among different water parameters and
microplastics in the near-bottom layer of the Baltic sea (significant correlation is
given in bold).

Temperature Salinity Dissolved Chlorophylla Turbidity
oxygen

Microplastics —0.05 0.29 0.17 0.26 0.70

microplastics in the Baltic Sea. The size distributions of
microplastic particles at the halocline, the water layers above
halocline, and the water layers below halocline were presented in
Supplementary Figure 5. The proportion of microplastics with
the size of <100 um at halocline was 44.9%, which was higher
than those at the water layers above (41.7%) or below (35.1%)
halocline. This leads to the presumption that the halocline
may act as a barrier to small microplastics (<100pm) and
prevent them from sinking. Although previous studies have
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given valuable evidence that microplastics can accumulate at
the halocline, most of them have been based on the large
microplastics (>175 pm) and overlooked the difference between
the size of the microplastics in the haloclines and other water
layers (Gorokhova, 2015; Bagaev et al., 2017; Uurasjdrvi et al,,
2021). In this study, the vertical distribution (including the
halocline) of microplastics with a wider size range was analyzed
and has confirmed that the halocline tends to accumulate small
particles with size <100 um. We suspect that this probably is
related to the larger specific surface area of the small-sized
microplastic particles by comparing with the larger ones. Because
the small-sized particles with the larger specific surface area
would lose buoyancy much more rapidly than larger ones,
causing them easy to sink (Fazey and Ryan, 2016; Dai et al., 2018).

Furthermore, we selected the water column and sediment
sampled at stations TF0286 and TF0284 as representative
examples to observe the attachments on the microplastic surfaces
at different depths, aiming for exploring the vertical migration
of microplastics (Figure5). The elements, including silicon
and aluminum in addition to organisms, were detected on
the surfaces of the micro-fibers (PP) found at the halocline
(Figures 5A,B). However, fewer attachments were observed on
the surface of particles at near-surface water layers by comparing
with those at haloclines (Supplementary Figure 9). We assume
that attachments may change the buoyancy of microplastics
with low density and cause them to sink from upper layers
and to access the halocline (Lattin et al., 2004; Katija et al.,

2017; Uurasjarvi et al,, 2021). However, they may not have
enough negative buoyancy to escape from the halocline and
continue sinking and ultimately accumulate in the halocline. It
was assumed that microplastics first accumulate to halocline,
when present, and sink slowly toward the bottom ultimately
(Uurasjarvi et al., 2021). In this study, we detected metals, such as
silver accumulating on the surface of the light fibers in the near-
bottom layer (Figures 5C,D) and sulfur-iron mineral aggregates
attached to the surface of fibers in sediments (Figures 5E,F),
but they were not detected on the particle surfaces in the
halocline. This indicates that microplastics with high-density
elements (such as silver) attached might have enough negative
buoyancy to overcome the halocline and sink continuously into
the near-bottom water layer. However, this study did not consider
the water hydrodynamic influence, which is also important to
affect the microplastic transportation and accumulation (Zalesny
et al,, 2014; Zhang, 2017). Further studies are required to prove
the hypothesis.

Turbidity Affects the Accumulation of
Microplastics at the Near-Bottom Water
Layer

The microplastic abundance and size distribution in sediments
were analyzed for discussing microplastic accumulation at near-
bottom layers. In sediments, the range of microplastic abundance
was 0.2-1.5 items g~ ! d.w. with the mean abundance of 0.6 4 0.4
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items g~! d.w. Moreover, the higher proportion (53.6%) of short
microplastics (<300 um) at the near-bottom water is consistent
with those in sediments (<300 jum, 71.8%), which indicated that
the short microplastics at the near-bottom layers may come from
bottom sediments in addition to upper water layers. We assumed
that it is related to the water turbidity (e.g., particles resuspension
from sediments). We further used the correlation analysis
between the microplastic abundance and the salinity, dissolved
oxygen, turbidity, and chlorophyll in the near-bottom water
layers to explain the potential impact factor on the accumulation
of microplastics (data refer to Supplementary Table 1). A strong
correlation (r = 0.70) between the abundance of microplastics
and the turbidity of the near-bottom water layer was found
(Table 2, Figure 6). The near-bottom currents carrying turbid
water usually occur when sediment particles are suspended above
the seafloor by waves or incoming river plumes, and the turbid
and relatively dense seawater cascades down due to the pull
of gravity (Azpiroz-Zabala et al., 2017; Paull et al., 2018). The
bottom current can transport sand, clay, organic carbon, and
microplastics (Galy et al., 2007; Gwiazda et al., 2015). Therefore,
bottom currents with high turbidity play a distinct role in the
dispersal or accumulation of microplastics in the bottom water
and sediments (Ballent et al., 2013; Pohl et al., 2020).

Moreover, we found heavy metals (silver and iron) attached
on the surface of light microplastics in the near-bottom water
layer and sediments (Figures 5C-F), which indicated that it is
difficult to keep these microplastics retain in water even though
there is high salinity in the near-bottom water. However, near-
bottom currents can retain microplastics in resuspension, and
stronger and sheared turbulent pulses on the surface of the
seabed can prevent the microplastics from sinking (Lemckert
et al., 2004; Bagaev et al., 2017). The process of resuspension
can affect the turbidity of the near-bottom water by causing
the particles, including microplastics, organic particles, and
minerals, to reenter the water body. These suspended organic
or inorganic particles can also hinder the microplastics from
sinking. Therefore, the turbidity of the near-bottom water
probably can indicate microplastic abundance at the near-bottom
water in the Baltic Sea.

CONCLUSIONS

The vertical distribution of microplastics in the water column
shows spatial heterogeneity in the Baltic Sea. Fibers and
fragments were found throughout the water column, whereas
films occurred only at the (near) surface water layer. The
abundance of the microplastics at the near-surface, the halocline,
and the near-bottom layer were considerably higher than those
in other water layers. Strong halocline stratification and turbidity
affected the vertical distribution of the microplastics and
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