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Microplastic (MP) pollution is present in all aquatic environments and is gaining critical concern. We have conducted sea surface MP monitoring with a Manta trawl at 16 sampling stations in the eastern Baltic Sea in 2016–2020. The concentrations varied from 0.01 to 2.45 counts/m3 (0.002–0.43 counts/m2), and the mean was 0.49 counts/m3 (0.08 counts/m2). The fibers and fragments had, on average, an approximately equal share in the samples. Correlation between the concentration of fibers and fragments was higher near the land and weaker further offshore. The following spatial patterns were revealed: higher mean values were detected in the Baltic Proper (0.65 counts/m3) (0.11 counts/m2) and the Gulf of Finland (0.46–0.65) (0.08–0.11) and lower values were detected in the Gulf of Riga (0.33) (0.06) and Väinameri Archipelago Sea (0.11) (0.02). The difference between the latter three sub-basins and the meridional gradient in the Gulf of Riga can likely be explained by the degree of human pressure in the catchment areas. The MP concentration was higher in autumn than in summer in all regions and stations, probably due to the seasonality of the biofouling and consequent sinking rate of particles. A weak negative correlation between the wind speed and the MP concentration was detected only in the central Gulf of Finland, and positive correlation in the shallow area near river mouth. We observed a 60-fold difference in MP concentrations during coastal downwelling/upwelling. Divergence/convergence driven by the (sub)mesoscale processes should be one of the subjects in future studies to enhance the knowledge on the MP pathways in the Baltic Sea.
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Introduction

Plastic pollution is ubiquitous in the marine environment. Plastics, due to their durability, low cost, and lightweight, are important in our lives and have been shed to the environment in the last few decades like never. Since the beginning of plastic production in the early 20th century, it has continuously increased and reached 368 million tons globally in 2019 (Plastics Europe, 2020). Microplastics (MPs) are frequently defined as particles with lengths of less than 5 mm (Arthur et al., 2009; Cole et al., 2011).

MPs’ sources and pathways are of utmost importance to control and prevent plastics from entering the ecosystem (He et al., 2019). The exuberance of MPs in the aquatic environment is due to inappropriate human behavior and improper waste management (Jambeck et al., 2015). There is limited information on the amount of plastic waste entering the oceans, but it is widely cited that land sources contribute approximately 80% of the marine plastic debris (Jambeck et al., 2015). Rivers, surface water runoff, sewage treatment, and wind-induced air transport are the major gateways of plastic debris in the aquatic ecosystem (He et al., 2019). In addition, the plastic manufacturing industries release plastics in the form of pellets and resin powders that, via air-blasting, can contaminate the aquatic environment (Eriksen et al., 2013). Plastic pellets are also released from marine accidents during handling and transportation (Veerasingam et al., 2016). Coastal activities, including fisheries, aqua tourism, and marine industries, are also the sources of MP pollution in the marine environment (Eriksen et al., 2013).

MPs can be of two types, primary and secondary MPs. Primary MPs are produced as microscopic particles present before entering the environment and exist as microbeads found in personal care products and plastic pellets (or nurdles). Secondary MPs are formed by physical, biological, and chemical degradation of macroscopic plastic parts and are the main source of microparticles released into the environment (Boucher and Friot, 2017; Zhu et al., 2020). They are formed by the degradation of improperly disposed plastic waste, tire abrasion, and washing of synthetic textiles (Boucher and Friot, 2017; Zhu et al., 2020).

MP particles have different shape classes: fragments, films, filaments, foams, and pellets (GESAMP, 2019). In this study, we divided all MP particles into fibers and fragments. The fragments category includes all non-filament particles like films, foams, and pellets, and the fibers category includes both filaments and fibers. Some polymers, such as PVC, polyester, polyamide, and acrylic, are denser than seawater and, thus, sink to the bottom of the sea (Hidalgo-Ruz et al., 2012). Polymers with a lower density than seawater usually float on the surface, including polyethylene, polypropylene, and expanded polystyrene (Hidalgo-Ruz et al., 2012). Low-density MP accumulates especially within a layer of a few cm below the air–water interface (Andrady, 2011). Thus, most studies target MP abundance and distribution confined to the surface layer (Collignon et al., 2014). Plastic products, traditionally made of monomers, are linked to the form of the polymer structure. During plastic production, several additives are added for promoting specific properties towards its use (Lithner, 2011). As the plastics degrade over time, these chemicals tend to leach out, including coloring agents, and accumulate in animals’ stomachs, resulting in bioaccumulation and biological effects (Mato et al., 2001; Teuten et al., 2009). Worldwide, individuals are accustomed to seafood consumption, which makes it possible for people to be exposed to MPs (Wright and Kelly, 2017). Chemical additives or remaining monomers can pose a potential danger to human health and the ecosystem (Lusher et al., 2017).

Colored plastics impose a high threat to aquatic species (Li et al., 2021). From one side, marine species have difficulty distinguishing between transparent and colored plastics, which increases the risk of MPs ingestion. Moreover, colored MPs may be accidentally ingested by fishes, turtles, and birds (Zhao et al., 2016; Gago et al., 2019). On the other hand, the impact of color affects the selection of food made by aquatic species.

As demonstrated by studies from different Baltic Sea basins, the occurrence of MPs in the Baltic Sea is evident (Setälä et al., 2016; Tamminga et al., 2019; Uurasjärvi et al., 2021). However, the knowledge about the spatial distribution and temporal variability of MPs in the Baltic Sea is limited (Aigars et al., 2021). Also, the methodology used to collect MPs varies by instruments, mesh size, sampling depth, and sampling area.

The main objective of the present paper is to assess the spatiotemporal variability of MPs in the eastern Baltic Sea and analyze environmental drivers affecting it. We report and analyze 5-year measurements of MPs in the surface layer in the eastern Baltic Sea. Specifically, we address the following main questions in this study: What is the mean spatial distribution of MPs in the eastern Baltic Sea? Is there seasonality in the MP concentrations? What is the share of fibers/fragments, different particle sizes, and colors in the MP pool? What processes cause the short-term variability in the MP concentration?



Materials and Methods


Study Area

MP sampling was performed during monitoring cruises from 2016 to 2020 onboard the research vessel Salme in the four sub-basins of the Eastern Baltic Sea (Figure 1): the Gulf of Finland (GOF), the Gulf of Riga (GOR), the northern Baltic Proper (BP), and the Väinameri Sea (VS).




Figure 1 | Map of the eastern Baltic Sea with 16 stations of surface water sampling in the BP region (85), GOR (G1, K5, and 125), VS (V15 and V35), GOFW (Paldiski, Suurupi, BLRT, Paljassaare, and Pirita), GOFC (14), and GOFE (N12, Sillamäe, and N8). The locations of Narva and Pärnu river are highlighted in green.



The GOF is an elongated estuarine basin located in the northeastern part of the Baltic Sea with an average depth of 37 m and a maximum depth of 123 m (Leppäranta and Myreberg, 2009). The gulf is about 400 km long, and its width varies between 48 and 135 km (Alenius et al., 1998). There is a free water exchange between the GOF and BP at the western border, and fresh water is discharged mostly to the eastern part of the GOF. The western Estonian coast has two semi-enclosed sub-basins. The GOR covers an area of 140 km from west to east and 150 km from south to north. The surface area of the VS is 2,243 km2. The average depth of GOR and VS is 23 m and 4.7 m, respectively. These sub-basins are interconnected and connected with the BP via five straits.

In total, 16 sampling stations were visited in the western Gulf of Finland (GOFW), eastern Gulf of Finland (GOFE), central Gulf of Finland (GOFC), GOR, VS, and northern BP (Figure 1). Stations in the GOFW and GOFE were quite close to shore, while stations in the BP, GOFC, and GOR (excluding Station K5) were offshore. The station network was not the same each year. Visited stations in different years are shown in Table 1. Sampling stations N8 (visited 15 times), 14 (15), Sillamäe (Sill) (14), Paljassaare (Pal) (13), 2 (12), and K5 (11) were sampled more than ten times during the 5-year period. The frequency of sampling times in other stations is as follows: V15 (6), V35 (6), 125 (5), N12 (4), G1 (3), Pirita (Pir) (2), Paldiski (Pald) (1), Suurupi (Suu) (1), and BLRT (1). Please note that station Pal is located close to the largest city wastewater treatment plant outfall in the study area, station N8 close to the Narva river mouth, and station K5 close to the Pärnu river mouth. The detailed observational periods at each sampling site are mentioned in Supplementary Table 1.


Table 1 | MP sampling sites for each year.





MP Sampling and Sample Processing

Surface water samples were collected with a Manta trawl (mesh size 330 µm). The net was deployed 5 m from the side of the ship using a crane and towed at the water surface (not totally submerged) for 15 to 60 min at a speed of approximately 2 knots. The samples were collected in the cod end of the net. The content of the cod end was rinsed with tap water to a metal bucket and sieved through a set of stainless-steel sieves (5,000 µm, 1,000 µm, and 330 µm). Thereafter, particles from each sieve were flushed into a separate glass jar with ultrapure water. Formaldehyde (37%) was added in the proportion of 1 to 100 ml of sample. Samples were kept at room temperature until analysis in the lab.

If the samples contained a lot of organic material, they were left to settle. The solution on top of the settled organic material was pipetted and vacuum filtered onto a 1.6-µm pore size (VWR) glass fiber filter (47 mm diameter). Hydrogen peroxide (34.5%–36.5%) was added to the settled organic material in a proportion of 1:1 and left for oxidation under the ventilation cabinet for up to 7 days. After oxidation, the samples were diluted with ultrapure water and vacuum filtered as described above. The filters were dried in glass Petri dishes in a drying oven (SANYO MOV-212F) at 60°C for 15 min, and the particles remaining on the filters were analyzed using a stereomicroscope (Leica M205 C or Olympus SZX16). All MP particles were counted, partially photographed, and tested with a hot needle to distinguish plastics from other microliter particles (Devriese et al., 2014). The results were calculated by summing the number of MP particles in the analyzed water sample.

In this study, we divided all MP particles into fibers and fragments. The fragments category includes all non-fiber MPs: films, foam, and pellets, and in general, we have identified fibrous plastics. As the MPs monitoring was carried out by the Manta trawl with a mesh size of 330 µm, we categorized them into two size classes (330–999 µm and 1,000–4,999 µm) according to their longest dimension. The water volume was calculated by multiplying the whole area of the trawl mouth with the ship speed and towing time. MP concentration is presented as the number of MP counts per cubic meter (counts/m3). In addition, concentration per square meter (counts/m2) is given in brackets throughout the text.

The 8-color classification scheme by the European Marine Observation and Data Network (EMODnet) was used for color identification that combines similar colors into one group (Galgani et al., 2020). Black/gray, white, blue/green, red/pink/orange/purple, yellow, brown, transparent, and others (golden/silver/multicolor) distinguished from colors.



Reduction of Cross-Contamination

Reduction and monitoring of potential airborne cross-contamination are crucial during sampling, sample processing, and analysis in the laboratory. To detect MP airborne contamination during sampling, samples of plastic-free water were kept in glass jars open on the deck near the sample collection area and later analyzed in the laboratory.

Non-synthetic clothing and cotton lab coats were worn, and glass or metal laboratory supplies were used as much as possible throughout the laboratory analysis. All labware was thoroughly rinsed with ultrapure water before use. Sample processing was done in a ventilation cabinet, except for the filtering through the sieves. Samples were covered with aluminum foil or glass lids from Petri dishes whenever possible.

For the contamination assessment during sample processing in the lab, 100 ml of ultrapure water was filtered through a clean glass fiber filter before each sample processing and analyzed as real samples. Also, one dry blank filter was placed under a ventilation cabinet during filtration and on the table near the stereomicroscope during microscopic analysis. Both blanks were analyzed as samples. In the blank samples, only fibers were found, and blank filter contamination was only a few percentages. Blank samples were used only as a reference. Hence, the overall contamination was less than one plastic fiber per sample on average. The fibers found in the blank samples could be related to airborne contamination from textiles.

Paint flakes were often observed in the samples. All paint flakes data were removed from the dataset for the analysis as their potential sources could not be confirmed.



Statistical Analysis

One-way analysis of variance (ANOVA) was performed to analyze MPs’ spatial and temporal variability. When a substantial difference was discovered, a pairwise comparison using regression test was applied to determine whether the difference was statistically significant. The significance level was set to 5%.

The hourly wind speed components were extracted from ERA-5 (Hersbach, 2020) for seven monitoring stations and bi-linearly interpolated to the exact coordinates using CDO (climate data operators) software (Schulzweida, 2021). Linear regression analysis was used to relate the observed MP abundances to prevailing meteorological conditions (e.g., wind speed). Since the data series were relatively short, as an alternative to linear regression, the conditions during the sampling of lowest and highest MP concentrations were compared.

The sea surface temperature and salinity are taken from the long-term model simulations to understand the hydrophysical conditions during sampling dates. From the model output, two diagnostic parameters are calculated:

	the lateral gradients of temperature and salinity as |∇HT| and |∇HS|

	the divergence of the current field as ux+vy normalized with Coriolis parameter f





Numerical Modeling

The General Estuarine Transport Model (GETM) (Burchard and Bolding, 2002) has been applied to estimate temperature and salinity distributions. GETM is a three-dimensional primitive-equation hydrostatic model with a free surface and built-in vertically adaptive coordinate scheme (Hofmeister et al., 2010), which can significantly reduce numerical mixing in the simulations (Gräwe et al., 2015).

Vertical mixing is calculated using the General Ocean Turbulence Model (GOTM) (Umlauf and Burchard, 2005) using a two-equation k−ϵ model coupled with an algebraic second-moment closure (Canuto et al., 2001; Burchard and Bolding, 2002) to obtain the eddy viscosity and diffusivity. Sub-grid horizontal mixing is parameterized using the Smagorinsky approximation (Smagorinsky, 1963).

The model domain consists of the whole Baltic Sea (Figure 1), and horizontal grid spacing of 0.5 nm (approximately 926 m) is used with 60 vertically adaptive layers. The vertical resolution of the model during simulations is controlled by using the same parameters as in Hofmeister et al. (2010) and Gräwe et al. (2015). Baltic Sea Bathymetry Database (http://data.bshc.pro/, last access: 18 January 2022) with additional data for the GOF from Andrejev et al. (2010) has been used to construct the model bathymetry. The atmospheric forcing (wind stress and surface heat flux components) was calculated from the operational forecast model HIRLAM (High-Resolution Limited Area Model) maintained by the Estonian Weather Service with a spatial resolution of 11 km and a daily forecast interval of 1 h (Männik and Merilain, 2007). The model simulation was performed from April 1, 2010, to December 31, 2020, but the results for 2016 to 2020 have been used in this study.

An open boundary is located at the Danish Straits. Inflow and outflow from the model are calculated using the sea surface height measurements from Gothenburg Station with Flather (1994) radiation. Temperature and salinity at the boundary are relaxed towards climatological profiles by Janssen et al. (1999). Freshwater input from the 54 largest Baltic Sea rivers with basin-wide interannual variability corrected towards values as reported in HELCOM (Johansson and Jalkanen, 2016) has been used. Constant salinity of 0.5 g kg−1 and target cell sea surface temperatures are used for the riverine values.

Initial temperature and salinity fields were taken from the Copernicus reanalysis of the Baltic Sea for the period 1989–2014 (https://doi.org/10.48670/moi-00013, last accessed February 14, 2022). As the product used lower resolutions both in the horizontal and vertical, the thermohaline fields were interpolated to the model grid. The simulation started with sea surface height and current velocities set to zero, i.e., the motionless state, but as previous studies (Lips et al., 2016) have shown, the wind-driven circulation of the Baltic Sea adjusts to forcing within 5 days. More information about the model setup and validation is available from Zhurbas et al. (2018) and Liblik et al. (2020).




Results

MPs were found at all 16 sampling stations. In total, 9,414 MP particles were extracted from 23,199 m3 water of 122 surface water samples. When total MP particles were divided by the total water volume, the mean was 0.41 counts/m3. However, the arithmetic mean of MP concentrations in samples was 0.49 counts/m3 (0.08 counts/m2), and in the regions of BP, GOFC, GOFW, GOFE, GOR, and VS, the mean concentrations were 0.65, 0.59, 0.65, 0.46, 0.33, and 0.11 counts/m3 (0.11, 0.10, 0.11, 0.08, 0.06, and 0.02 counts/m2), respectively. The results show high variability in concentrations (STD ±0.46 counts/m3) and heterogeneity in distribution patterns of MPs in the eastern Baltic Sea. The relative abundance of MP fibers and MP fragments at different sampling sites is presented in Figure 2. The average concentration of MP fibers and MP fragments across the dataset was almost the same: 0.25 and 0.24 counts/m3 (0.04 and 0.04 counts/m2), respectively. The annual mean of the share of fibers was higher in 2016, 2019, and 2020 (Figure 2).




Figure 2 | Variability in concentration (A–E) and relative abundance (%) (F–J) of two shapes of MPs at sampling stations in the eastern Baltic Sea.




Spatiotemporal Distribution of Microplastics

Relatively high annual mean MP concentrations (Figure 3; concentrations are shown if the station was visited more than once) were observed in 2016 (Figure 3A). The highest mean concentrations (>1.0 counts/m3) were observed in the GOR (station G1) and the BP (station 85) and at station Pal. Lower values were observed at the GOFE stations. Mean concentrations were in a quite narrow range (0.39–0.58 counts/m3) (0.07–0.1 counts/m2) in the whole area in 2017; only in the GOFC was the value higher (Figure 3B). The highest mean concentration (>1.0 counts/m3) was observed in the BP, while concentrations were 20-fold lower in the GOR and VS in 2018 (Figure 3C). Spatial distribution of the MP concentrations in the GOF had a large range, varying from 0.11 to 0.76 counts/m3 (0.02–0.13 counts/m2) (Figure 3C). Very low mean values (<0.08 counts/m3) were observed in the GOR and VS in 2019 (Figure 3D). Quite low values, except at station 2, were observed in the GOF and BP as well (Figure 3D). A similar pattern was observed in the study area in 2020 (Figure 3E).




Figure 3 | Average MP counts/m3 at each sampling station (A–E). The overall average for 2016–2020 was calculated as an arithmetic mean of all individual concentrations in the sampling location (F). The highest MP concentration (counts/m3) at sampling station is shown in parenthesis (F).



Despite high temporal variability, tendencies in the mean 5-year period spatial pattern can be found (Figure 3F). Significantly higher mean MP, MP fiber, and MP fragment concentrations occurred in the BP and the three areas of GOF compared to the GOR and VS (Figures 4A–C). It is noteworthy that the annual mean concentration in the VS was lower than in the BP in all 3 years (2018–2020) when the VS was sampled (Figures 3C–E). The 5-year mean concentration in the vicinity of Pärnu and Narva river mouths [stations K5 and N8, 0.21 and 0.39 counts/m3 (0.04 and 0.06 counts/m2), respectively] was lower than at the open sea stations (0.59–0.74 counts/m3) (0.10–0.13 counts/m2).




Figure 4 | (A) The variability of MP concentrations in different regions of the eastern Baltic Sea in 2016–2020. (B) The variability of MP fiber concentrations in different regions of the eastern Baltic Sea in 2016–2020. (C) The variability of MP fragment concentrations in different regions of the eastern Baltic Sea in 2016-2020.



The maximum concentrations >1.6 counts/m3 were registered at offshore stations in the BP, GOF, GOR, and at station Pal. The highest MP concentration (2.45 counts/m3) (0.43 counts/m2) for the entire study period was recorded at station G1 in the GOR. Maxima were lower (0.6–1.2 counts/m3) at the GOFE stations and near the Pärnu river mouth (station K5). The maximum was only 0.15 counts/m3 (0.03 counts/m2) in the central VS (station V15). However, the latter station was visited only three times.

The mean share of fibers and fragments for the whole area in the 5 years was almost equal (Figure 2). The latter also roughly holds when considering the means of the regions (Figure 5). Thus, the mean spatial distribution of fibers and fragments taken separately (Figures 5A–F and Figures 5G–L) is similar to the total MP concentration (Figure 3F). This means 5-year mean concentrations of fibers and fragments in the vicinity of Pärnu and Narva river mouths are lower than at the open sea stations.




Figure 5 | Average MP fiber counts/m3 (A–F) and average MP fragment counts/m3 (G–L) at each sampling station. The overall average for 2016–2020 was calculated as an arithmetic mean of all individual concentrations in the sampling location (F, L). The highest MP fiber and MP fragment concentration (counts/m3) at the sampling station is shown in parentheses (F, L).



The correlation between the concentrations of fibers and fragments in the whole dataset was significant, but rather low (r2 = 0.21, p < 0.01, n = 122). Thus, often the spatiotemporal changes of fibers and fragments were not related. However, some of the stations separately revealed quite a strong correlation. High correlation was found at station K5 (r2 = 0.87, p < 0.01, n = 11) and Pal (r2 = 0.60, p < 0.01, n = 13). Weak but significant correlations were observed at stations 14, Sil, and N8. No correlation was found at stations 2 and 85. For instance, fibers (0.81 counts/m3) (0.14 counts/m2) had the major share at station 85 in the BP in 2016 (Figure 5A). Next year, the concentration of fragments was similar (approximately 0.2–0.3 counts/m3), but the fiber concentration was 0.20 counts/m3 (0.04 counts/m2) (Figure 5B). The share was reversed (compared to 2016) in 2018 when fragments (0.87 counts/m3) (0.15 counts/m2) had the major contribution (Figure 5I). Thus, the highest annual mean concentration of fragments and fibers in the study area was measured in the BP, but in different years. The annual share of fragments higher than 70% occurred only at the coastal stations in the GOF (five occasions) and once at station 85 in the BP. Other stations had a fiber share approximately 50% or higher. The annual mean shares of fragments were lowest in the VS. Note that the total MP concentrations were low there as well.



Microplastics Morphology

The MPs were assorted into eight colors. The most occurred MP color was gray/black (29.7%), followed by white (22.6%) and blue/green (22.4%). Other colors such as red/pink/purple (9.9%), transparent (9.8%), yellow (3.6%), and brown (1.5%) had a lower proportion. Gold-stained plastic was the rarest out of the eight colors, having a percentage share of less than 1%. The maximum share came from white particles when the highest concentrations were detected at stations Pal, 2, 85, and 14. The dominant color for the MP fragments was white and blue/green, and for MP fibers, it was gray/black and blue/green.



Seasonal Variability of Microplastics

The mean concentration in spring and summer was 0.46 counts/m3 (0.08 counts/m2) and 0.36 counts/m3 (0.06 counts/m2), respectively. This tendency of higher concentration in spring compared to summer was revealed at most of the stations (Supplementary Figure 1) except at stations 85, G1, Pir, and V35. The highest seasonal mean concentration (0.81 counts/m3) (0.14 counts/m2) in the study area occurred in the autumn. The mean concentration was higher in autumn than summer at all stations (Supplementary Figure 1). This is reflected in the seasonal pattern across all regions as well (Figure 6). Moreover, the only observations from winter in the GOFC confirm the increasing concentration trend from summer to the cold season. However, due to high variability within each season, the differences between the seasons were statistically not significant. MP fiber concentration differed significantly across all seasons; however, no significant difference was detected for MP fragments. Seasonally, no significant difference was observed between the two size classes—MP (330–999 µm) and MP (1,000–4,999 µm).




Figure 6 | Seasonal variability of MP concentration across different regions in the Baltic Sea.





Impact of Physical Processes on the MP concentration

The impact of physical processes on the MP concentration was studied using the stations with the most consistent observations. Over the 5 years, seven stations had a higher number of samples. We selected two coastal (N8 and K5) and two offshore (14 and 85) stations for further analysis.

The wind is the most obvious physical parameter to affect concentrations on the sea surface, as with increasing wind speed, the particles are mixed deeper. Significant negative correlation between the wind speed and MP concentration was found only at station 14 for MP fragments (r2 = 0.35, p = 0.01, n = 15). For the whole dataset and most individual stations, the correlation was low and insignificant. A significant positive relationship between the wind speed and MP abundance was found at the coastal station K5 (r2 = 0.47, p = 0.01, n = 11).

At coastal stations K5 and N8, one can assume some effects of freshwater discharge and related MP input due to the vicinity of large rivers. Furthermore, not only the wind speed but also its direction could be critical via influencing convergence/divergence of surface waters. We selected the highest and lowest concentration cases for both stations to compare the effect of the river discharge and wind direction.

At coastal station N8, the highest MP concentrations were detected (1.18 counts/m3) (0.2 counts/m2) when the 3-day mean discharge (589 m3/s) from the Narva river prior to the sampling date was greater than the long-term mean discharge (440 m3/s). Moreover, before the observation of the highest MP concentration, the wind speed and direction at station N8 were favorable for the coastal downwelling (westerly winds with a maximum speed over 8 m/s), which supports the accumulation of MPs along the coast, thus resulting in a high MP concentration (Figure 7A).




Figure 7 | Mean surface current vectors and current speed averaged 3 days before observations of (A) highest concentrations at station N8, (B) lowest concentrations at station N8, (C) highest concentrations at station Pir, and (D) lowest concentrations at station Pir.



In contrast, when the MP concentration was the lowest (0.02 counts/m3) (0.004 counts/m2), the wind conditions before observation indicated the occurrence of coastal upwelling in the area (north easterly winds) (Figure 7B). This water mostly originated from the subsurface, which explains the low MP concentration. Thus, we suggest that variation in coastal mesoscale processes, leading to convergence and divergence of surface waters, could cause both extremely high and low MP.

The impact of coastal upwelling and downwelling events was also visible at the coastal stations in the Tallinn Bay. The highest concentrations at station Pir were measured under the coastal downwelling and the lowest concentrations were measured under the coastal upwelling conditions at the southern coast of the GOF (Figures 7C, D). There is a clear downwelling jet along the coast directed to the east with relatively large current velocities during the high-concentration case (Figure 7C) and an upwelling jet in the opposite direction to the west during the low-concentration case (Figure 7D). Obviously, the large-scale coastal divergence and convergence have a significant impact on the distribution of MPs in the coastal sea.

When comparing the conditions for the lowest and highest MP concentrations at coastal station K5 (depth 5m), strong winds prevailed before the highest MP concentrations were observed. Strong winds cause resuspension of bottom sediments and force MPs to migrate from sediments to the surface, thereby resulting in high MP concentrations at the sea surface. On the other hand, weakened wind-induced resuspension leads to lower MP concentrations at the sea surface in shallow areas.

In order to better understand the hydrodynamic conditions in the offshore stations 85 and 14, we looked at the simulated sea surface temperature and salinity fields in the vicinity of the stations along with the convergence and divergence based on the modeled current components during dates with the observed highest and lowest MP values (Figure 8). The statistical parameters of different fields are summarized in Table 2.




Figure 8 | Snapshots of surface temperature (A, D, G, J), surface salinity (B, E, H, K), and current field divergence, ux+vy/f, in the surface layers (C, F, I, L) during the highest and lowest measured concentration of MPs at selected stations. The gray box indicates the location around measurement location with 10-km distance.




Table 2 | Statistical values of different surface parameters around the monitoring stations during the observed highest and lowest value of MPs.



In the high-concentration cases at both stations, strong lateral gradients in the salinity and temperature fields in the vicinity of the stations are seen (Figures 8G, H). During low-concentration cases, the lateral gradients are much weaker, and the variance of the fields is much smaller. In addition, the divergence during the high-concentration case was mostly negative, suggesting convergence, i.e., accumulation of the matter in the surface layer. During the low-concentration case, the divergence was mostly positive in the vicinity of the station.

Although the mean temperature and range during the high-concentration case was smaller than during the low-concentration case at 85, the range and variability of salinity was at least two times larger (Table 2). The variability of the salinity gradient around the station was almost 6 times larger. At station 14, the variance (shown as standard deviation in Table 2) of all parameters are greater during the high-concentration case.




Discussion

We have reported results from the 5-year MP observations in the eastern Baltic Sea. Next, we compare our findings with previous studies that collected data using surface trawling (Manta trawl) like us in the Baltic and global oceans. In the sea surface layer of the Baltic Sea, Aigars et al. (2021) detected an MP concentration of 0.09–4.43 counts/m3, Karlsson et al. (2020) found 0.18–0.92 counts/m3 in the Gullmar fjord at the Swedish west coast, 0.05–0.09 counts/m3 were observed in the South Funen Archipelago (Tamminga et al., 2018), Gewert et al. (2017) measured 0.19–7.73 counts/m3 in the Stockholm Archipelago, and 0–0.8 counts/m3 were found in the GOF (Setälä et al., 2016). In the Arctic waters, Lusher et al. (2015) revealed MP concentrations of 0–1.31 counts/m3, 0.07–9.25 counts/m3 were measured in the Eastern Mediterranean Sea (Adamopoulou et al., 2021), 1.82 counts/m3 were observed in the Mediterranean Sea (Zeri et al., 2018), and 0.06–25.9 counts/m3 were found in the Eastern Indian Ocean (Li et al., 2021).

Although Aigars et al. (2021) collected samples at numerous stations during 1 year, while we conducted measurements at three stations, during 5 years, the mean concentrations in the central GOR were roughly in the same order. Our observations revealed lower concentrations in the northern GOR and the Pärnu Bay; however. Setälä et al. (2016) identified an average MP concentration of 0.3 counts/m3 in the GOFC region, and our investigation revealed 0.59 counts/m3. We can conclude that the concentrations registered in our study—in the range of 0.01 to 2.45 counts/m3 (0.002–0.43 counts/m2) with a mean concentration of 0.49 counts/m3 (0.08 counts/m2)—are in the same order as previous studies in the Baltic Sea.

The mean concentrations in the three subregions in the GOF were in the range of 0.46–0.65 counts/m3, while it was 0.33 counts/m3 in the GOR. The difference between concentrations in the GOR and GOF could be explained by human pressure. Population in the catchment area per surface area of the GOF is ca. 400 inhabitants km−2 while it is 150 inhabitants km−2 in the GOR catchment (HELCOM, 2004). Note that in the easternmost part of the GOF, in the area we did not cover, the MP concentrations are probably higher than we observed due to the impact of river Neva (Martyanov et al., 2021). If we combine our results with Aigars et al. (2021), a meridional pattern is revealed in the GOR: higher MP concentrations in the south and lower MP concentrations in the north. This could be related to the population in the catchment areas as well. The water entering the southern part of the GOR is impacted by ca. 2.4 million inhabitants while the total population in the catchment area of the GOR is ca. 2.7 million.

The low human pressure is a likely reason behind the small mean concentration in the VS. The catchment area of the VS has an extremely low population, and there are no larger towns or other considerable point sources at the coast of the VS. Low MP concentrations in a similar area, in the South Funen Archipelago in Denmark, were explained by the sheltered position of the study area, low human pressure on adjacent islands, and the absence of any major potential point sources (Tamminga et al., 2018).

We registered considerable amounts of MPs at stations Pal (2.10 counts/m3) and 2 (1.49 counts/m3) in proximity to the city of Tallinn. Our observations follow previous studies that reported that the MP particle concentrations are frequently greater near densely populated urban areas with pollution sources such as industry and wastewater treatment plants (Yonkos et al., 2014; Gewert et al., 2017; Schönlau et al., 2020).

High mean MP concentration was detected at offshore station 85. This is a somewhat controversial result as earlier studies have reported higher values near coasts and rather low values offshore in the BP (e.g., Aigars et al., 2021). No major rivers enter the area, or remarkable point sources (cities and towns) are nearby. On the one hand, a possible explanation could be that the northern BP is the accumulation zone, where the discharge and buoyant particles from different basins (the GOF, GOR, Bothnian region, and south- and eastern BP) are concentrated. Secondly, the mean cyclonic current structure of the BP (Placke et al., 2018; Liblik et al., 2022) recirculates/traps the surface water in the basin for a longer period. In addition, MPs exhibit different buoyancy characteristics based on their density, shape, size, and biofouling rate (Adamopoulou et al., 2021). Convergence and downwelling act as a sorting mechanism, with relatively larger particles staying in the surface layers and smaller particles getting transported deeper in the water column (van Sebille et al., 2020). The biofilm growth is generally faster for smaller particles due to their high surface-to-volume ratios (Tsiaras et al., 2021). Thus, the buoyancy patterns described above and the fact that nearly 81% of MPs detected were smaller than 1 mm allow us to justify the high mean MP concentration at station 85. Recently, it has been shown that the region is prone to be affected by the submeso- and mesoscale activity (Väli and Zhurbas, 2021; Zhurbas et al., 2022), which can contribute to the convergence and divergence of MPs in the surface layers. We showed that high variability and convergence at the (sub)mesoscale could be a factor leading to high MP concentrations, but further investigations are needed to understand the pathways and reasons behind the phenomenon.

We considered two shapes of the MP particles in the current study: fibers and fragments, which accounted for 96% of the encountered particles in the eastern Baltic according to the recent study (Aigars et al., 2021). MP fragments are more likely to break up into smaller pieces and are caught in the Manta trawl than other MPs (Li et al., 2021). Synthetic fibers derived from textile materials could enter the aquatic ecosystem through sewage systems, surface runoff, or atmospheric transport and deposition (Bai et al., 2018; Liu et al., 2019; Wang et al., 2020).

The share of fibers (51%) and fragments (49%) was approximately equal in the current study. The latter is valid for the whole dataset, as well as the subregions. However, the share of shapes and concentrations might be influenced by the sampling method: Manta trawling with the mesh size of 330 µm. Many studies reported more fibers on the sea surface (Setälä et al., 2016; Bagaev et al., 2017; Gewert et al., 2017; Tamminga et al., 2018;  Aigars et al., 2021), compared with fragments. On the other hand, some studies showed a lower proportion of fibers (Zhang et al., 2017; Pan et al., 2019; Karlsson et al., 2020). When samples are collected using the Manta trawl, MP fibers might leak in high numbers through the 330-µm mesh but could be more efficiently trapped when the mesh size is smaller (<100 µm; Setälä et al., 2016). However, even when a smaller mesh size (100 µm) is used, the number of fibers does not appear to rise, as fiber size, particularly from clothes, is less than 20 µm (Setälä et al., 2016).

Despite the equal share of fibers and fragments, the correlation between the concentration of the two shapes in the whole dataset was weak, although significant. However, high correlations were found near the Pärnu river mouth at station K5 (r2 = 0.87) and near the outlet of the Paljassaare wastewater treatment plant, at station Pal (r2 = 0.60). In the rest of the stations, there was a significant weak correlation, except at station 2 in the GOF and offshore station 85 in the BP, where the correlation was not found. Due to disturbance-induced vertical transport, small size MPs get resuspended to the surface layer (Xia et al., 2021). As K5 is a shallow station (depth, 5 m), and nearly three-fourths of MP detected are small, we suggest that the high correlation is related to the resuspension of MP to the sea surface layer. Correlation further off the sources was weaker due to the impact of marine processes, e.g., biofouling and vertical mixing, which could have a different effect on the fibers and fragments.

The MP fragments were mostly white, blue/green, and gray/black, whereas MP fibers were mostly gray/black and blue/green in the current study. This result is consistent with other studies where MP fragments and MP fibers were reported (Zhang et al., 2017; Karlsson et al., 2020; Aigars et al., 2021). The share between the two size classes 330–999 µm and 1,000–4,999 µm was 75% and 25%, respectively. The higher number of particles with decreasing size has been documented earlier in the eastern Baltic Sea (Setälä et al., 2016; Aigars et al., 2021).

The mean concentration was higher in autumn than in summer in all regions and stations. This seasonal signal is likely related to the biofouling and consequent sinking of the MP (Kaiser et al., 2017). Spring and summer are biologically active seasons in the Baltic Sea (Lips et al., 2014; Kahru et al., 2016; Purina et al., 2018). Decay and deepening of the seasonal thermocline and cooling of the upper mixed layer water start in the second half of August in the eastern Baltic Sea (Liblik and Lips, 2011; Skudra and Lips, 2017), which leads to the decrease of organic matter production (e.g., Gasiūnaitė et al., 2005), reduced biofouling, and consequently declined sinking rate of the MP. Moreover, the density of the upper mixed layer increases in autumn, which increases the buoyancy of the MP and reduces the sinking probability as well.

The shorter-term and smaller-scale spatial variability of the MP concentration in the sea surface is shaped by various processes such as advection, divergence, convergence, and vertical mixing (Auta et al., 2017; Lebreton et al., 2018; Zhang et al., 2020). The wind mixing distributes the MP vertically (Kukulka et al., 2012); thus, the MP concentration in the surface layer and wind speed can be negatively correlated (e.g., Schönlau et al., 2020). We found a significant negative, but weak correlation between the wind speed and the MP concentration only at offshore station 14.

The highest concentrations of the MP at the coast of Narva Bay were observed during the downwelling event while the lowest value was detected during the coastal upwelling event. There was a 60-fold difference between the highest and lowest case. The low values during upwelling can be explained by the subsurface origin of the water. The upwelling water originates from the cold intermediate layer in the GOF (Lips et al., 2009). The downwelling causes convergence of the upper layer water and the upper mixed layer in summer could deepen over 40 m (Liblik et al., 2017). Despite the downward movement, the buoyant-enough particles tend to stay at the surface and accumulate (Kooi et al., 2016; Waldschläger and Schüttrumpf, 2019). Thus, in the enclosed sea, where wind from any direction causes downwelling/upwelling along some coastal sections (Myrberg and Andrejev, 2003), the coastal mesoscale processes can potentially cause remarkable variability in the MP concentrations. Moreover, mesoscale eddies could redistribute the MP. The anticyclonic eddies converge the debris, and thus, concentrations there can be much higher compared to cyclonic eddies as shown in other areas (Brach et al., 2018). It is probable that the submesoscale processes, which are evident in the observations (e.g., Lips et al., 2016) and which converge and diverge tracers according to simulations (e.g., Zhurbas et al., 2022) in the smaller spatiotemporal scale, affect the MP concentrations and pathways as well in the Baltic Sea. Our samples were collected along a 1- to 4-km long line; thus, to study the MP in the submesoscale in more detail, other measurement methods, e.g., in situ pumping (Karlsson et al., 2020), should be implemented.



Conclusions

The dataset analyzed in the present study provides the first view on MP pollution and its spatiotemporal variability in the surface water of the eastern Baltic Sea. MPs were found in all 122 samples, and their concentration varied from 0.01 to 2.45 counts/m3 with a mean concentration of 0.49 counts/m3. The obtained concentration ranges, the share of the MP fragments and fibers, and the color composition of MPs generally agree with previous studies in the neighboring areas. The regional differences in the mean MP concentrations in the GOF, GOR, and Väinameri Archipelago Sea are likely related to the human pressure (population) in the catchment areas. The seasonal increase in the concentration from summer to autumn can likely be explained by the decline in the biofouling in autumn and related decrease in the sinking rate of particles.

The high variability in the observations was probably the result of multiple processes, which could not be fully captured by the design of the monitoring program. However, we managed to show that upwellings and downwellings, and wind mixing play a role in the variability of the sea surface MP concentration. It is likely that other (sub)mesoscale processes alter the MP concentrations in the surface layer as well. To improve the knowledge on the pathways of the MPs, the processes in the (sub)mesoscale from the sources to offshore should be addressed by further dedicated observational and modeling studies. Likewise, the measurement and modeling effort to estimate the land–sea and water column–sediment fluxes of MPs should be sought.
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