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Urban sewage water pathways seem most important for microplastics emissions to
the Baltic Sea. We use microplastics emission data for the entire Baltic Sea region,
calculate emissions for three sewage water related urban pathways and develop
emission scenarios for the majority of microplastics particles. All plastics are divided into
potentially floating (density 0.8–1.0 g/cmł) and sinking (1.1–1.5 g/cmł) polymers and we
address the size class of 20–500 µm. 6.7 × 1013 microplastics particles enter the Baltic
Sea annually from urban pathways. 62% result from stormwater runoff including sewer
overflow, 25% from wastewater treatment plants (WWTPs) and 13% from untreated
wastewater. The emission scenarios serve as input for 3D-model simulations, which
allow estimating transport, behaviour and deposition in the Baltic Sea environment. Our
model approach suggests average annual microplastics concentrations in the water
body of the central Baltic Sea of 1–4 particles/m2 sea surface and 1 particle/m3 in the
upper 2 m sea surface layer. The majority of the particles is accumulated in upper sea
surface layers. The model suggests that only between 6% (Arcona Basin) and 21%
(Gotland Basin) of the particles are below a depth of 25 m. In coastal waters, the
concentrations can exceed 10 particles/m3 in the upper 2 m surface water layer (e.g.,
Gulf of Riga, Gulf of Gdansk) and 1 particle/m2 on the sediment surface. Usually within
weeks, emitted microplastics are washed ashore causing annual coastal accumulations
of up to 109 particles/m coastline within a few kilometres distance to emission sources.
On average, above 106 particles/m are annually accumulated and trapped at coasts
around the Baltic Sea. The reduction of the annual sewer overflow from presently 1.5%
of the annual wastewater loads to 0.3% would reduce the total emissions to the Baltic
Sea by 50%. If all sewage water would be connected to WWTPs and undergo a tertiary
treatment, a reduction of 14.5% of the total emissions could be achieved. The effect of
retention in rivers seems limited in the Baltic Sea region, because near coast emissions
contribute around 50% of the total microplastics emissions.
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INTRODUCTION

Microplastic covers the size class below 5 mm. The overwhelming
majority of microplastics losses (98%) are generated during land-
based activities (Boucher and Friot, 2017). With 66%, road runoff
is the main pathway, followed by wastewater treatment systems
with 25%. River discharge plays a major role for marine plastic
pollution (Bergmann et al., 2015; Schmidt et al., 2020). The
top 20 polluting rivers, mostly located in Asia, account for
67% of the global total emissions (Boucher and Friot, 2017;
Lebreton et al., 2017).

The Baltic Sea is one of the largest brackish water bodies
in the world and, with respect to eutrophication and organic
chemicals, a pollution hot-spot (HELCOM, 2018b). The Baltic
Sea catchment is about four times larger than the surface area
(420,000 km2) and it is inhabited by about 85 million people
living in nine countries. The mean annual riverine runoff to
the Baltic Sea is 14,425 mł/s (HELCOM, 2018c) and comparable
to rivers such as the Mississippi, the Mekong or the Ganges.
Therefore, it can be expected that the Baltic is an emission hot-
spot for plastics, as well, and that emissions with rivers play the
dominating role.

Siegfried et al. (2017) calculated a microplastics load to the
Baltic Sea of about 1,000 t/a, including personal care products,
laundry textiles, household dust and car tyre wear. Bollmann
et al. (2019) assume a total annual microplastics load of 0.2 t/a
from urban pathways and a resulting concentration of 0.2 ng/l
microplastics in the Baltic Sea. These existing calculations for
the Baltic Sea are conceptual, utilize only limited and aggregated
data and possess a very high uncertainty. Further, these values
differ strongly, do not address particle numbers, but masses and
do not allow a comparison with field data. The knowledge about
pathways is still very limited (Wagner et al., 2018).

Since human activities are the source for microplastics,
wastewater is considered as a major emission pathway (e.g.,
Mintenig et al., 2016; Ziajahromi et al., 2016; Kay et al.,
2018; Prata, 2018). For untreated wastewater, high microplastic
concentrations between 101 and104 particles/L are reported
(Gatidou et al., 2019; Sun et al., 2019), but municipal
wastewater treatment plants (WWTPs) are efficient in removing
microplastics (Carr et al., 2016; Talvitie et al., 2017; Gies
et al., 2018). For WWTPs in the Baltic Sea region, Baresel
and Olshammar (2019) assumed a microplastics retention
between 85 and 98%. The mostly efficient sewage treatment is
one explanation for the relatively low estimated microplastic
emissions to the Baltic Sea (Siegfried et al., 2017). On the other
hand, microplastic emissions with sewer overflow water seems
to be an underestimated pathway. Sewer overflow water consists
of stormwater and untreated wastewater. In the Baltic, overflow
events happen rarely. Despite that, Baresel and Olshammar
(2019) conclude that the annual discharge of microplastics
from sewer overflows can be in the same magnitude as from
treated wastewater.

Another uncertainty and largely unknown factor with high
relevance for the total microplastics emissions to seas, is the
retention in river systems. Several publications show that the
retention in rivers depends on particle size, shape and density

(e.g., Nizzetto et al., 2016; Besseling et al., 2017 Kooi et al.,
2018). Besseling et al. (2017) carried out scenario studies with a
hydrological model and conclude that in 40 km river practically
all particles (>100 µm, spherical polystyrene) are kept back. But
it remains uncertain whether this retention is permanent or only
temporary. As a consequence, some studies take retention into
account in emission calculations (e.g., Siegfried et al., 2017) and
others do not (e.g., Nizzetto et al., 2016; van Wijnen et al., 2019).
Windsor et al. (2019) conclude that still little is known about
the residence time of plastics in rivers and the role of rivers as
temporary sinks.

The lack of knowledge about microplastics emission quantities
and pathways is contrasted by a high societal demand (GESAMP,
2016). HELCOM (2018a) still state that an assessment of the
state of pollution with respect to marine litter is still not possible
for the Baltic Sea, because operational indicators are lacking.
This is especially true for microplastics and indicates urgent
research needs. The European Union (EU) is well aware of
the plastic problem, too. The EU Marine Strategy Framework
Directive (MSFD 2008/56/EC) addresses this problem and
requires identifying and quantifying major emission sources and
pathways as well as the assessment of effective measures to reduce
marine litter pollution in general, and microplastics pollution in
specific (JRC, 2011).

In a previous study, we calculated the emissions of two
selected microplastic polymers from all urban pathways in the
Baltic Sea basin and simulated their transport and behaviour
in the Baltic Sea. Focus was on the behaviour of different
size classes and particle shapes (Schernewski et al., 2020). In
this study our objectives are to (a) expand this approach and
take into account all floating and sinking microplastics and
the majority of all urban microplastic emissions; (b) calculate
the spatial emission pattern from all urban pathways in the
Baltic Sea catchment (including Kattegatt), namely wastewater
treatment plants (WWTP), combined sewer overflow systems
(CSS) including urban stormwater runoff as well as untreated
wastewater (not connected to WWTPs); (c) perform 3D-
model simulations on transport, behaviour, deposition and
concentrations in the Baltic Sea environment (neglecting separate
size classes and shapes); (d) calculate the consequences of
spatially differentiated retention factors in rivers on the total
emissions and (e) assess the effectiveness of emission reduction
measures with focus on sanitary sewer overflows and WWTPs.

MATERIALS AND METHODS

Microplastics in Raw Waste- and
Stormwater
The density of plastics (artificial polymers) is an important
parameter that determines its transport, behaviour and
deposition in the aquatic environment. According to the
density, we separated two groups, floating and sinking polymer
types. The first group covers floating polymers, such as low
and high density polyethylene (PE, 0.915–0.97 g/cmł density),
polypropylene (PP, 0.89–0.92 g/cmł density) and polystyrene (PS,
0.96–1.05 g/cm3) or polymers that have a density close to saline
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water such as acrylic and polystyrene (1,05 g/cmł density). The
group of sinking polymers covers rigid polyvinyl chloride (PVC,
1.3–1.45 g/cmł density), the polyester polyethylene terephthalate
(PET, 1.38 g/cmł density), polyamide (PA, 1.14 g/cmł density),
polyethersulfone (PES, 1.37 g/cmł density) and polyurethane
(PU 1.2 g/cmł). According to Liu et al. (2019) and Olesen
et al. (2019) all these polymers cover over 95% of all polymers
found in stormwater ponds in Baltic countries. The share
of polymers in wastewater varies in a wide range (e.g., Kang
et al., 2018). However, Sun et al. (2019) considers PP, PE and
PET as the most abundant polymers in WWTPs. Lv et al.
(2019) analysed raw wastewater and found 47% PET, 20%
PS, 18% PE and 15% PP. Kooi and Koelmans (2019) regard
PE (25%), PET (16.5%) and PP (14%) as the most common
microplastic polymer types in the aquatic environment. Another
indication which plastic polymers can be expected in the aquatic
environment provide the production volumes: PE, PP, PVC, PS,
and PET belong to the six most commonly produced polymers
worldwide (Vermeiren et al., 2016; Geyer et al., 2017; Kooi
et al., 2018). Based on this literature, we assume that both
polymer groups, floating and sinking, have a share of about
50% each. Further, we assume that our two polymer groups
are in general representative and cover the vast majority of all
plastics in urban pathways. In the model simulations, a density
of 0.9 g/cmł is assumed for the floating and 1.4 for g/cmł for the
sinking polymer group.

Microplastics Retention and Emission
Calculations
Based on a comprehensive literature survey (Magnusson and
Norén, 2014; Talvitie et al., 2015; Magnusson et al., 2016; Murphy
et al., 2016; Gies et al., 2018; Kang et al., 2018; Lares et al., 2018;
Simon et al., 2018; Long et al., 2019; Sun et al., 2019; Wolff
et al., 2019), we calculated an average number of microplastics
in raw wastewater (WWTPs influents) of 134,000 particles/mł
and a median of 85,000 particles/mł. We applied the median
concentration, because it better reflects the results found in
northern and central European studies.

Combined sewer systems (CSS), which are common in
urban areas of the Baltic Sea region, collect surface water
runoff, domestic sewage and industrial wastewater. Baresel and
Olshammar (2019) compiled the data for all known 3525
WWTPs in the Baltic Sea region and quantified the amount
of sewage water (Figure 1a). Further the authors calculated
the average MP removal efficiency in WWTPs depending
on the treatment technology for primary treatment (85%),
secondary treatment (90%), tertiary treatment (N and P removal)
(95%), sand filtration (97%) and microfiltration (98%). The MP
concentration in influent sewage water and the removal efficiency
of each WWTP allowed the quantification of the annual MP-
discharge from WWTPs into the river systems of the Baltic
Sea region. For details see Baresel and Olshammar (2019). We
complemented missing data for single WWTPs based on country
specific average amounts of wastewater per person and day as
well as taking into account the country specific percentage of the
population connected to WWTPs.

In CSS, sanitary sewer overflows take place, where untreated
wastewater is discharged from a sanitary sewer into the
aquatic environment. Usually this happens due to a temporary
insufficient hydraulic capacity after heavy precipitation. Baresel
and Olshammar (2019) assumed that in the Baltic Sea region,
weather related sanitary sewer overflow accounts for 1.5% of the
total WWTP inflow. Separated sewer systems (SSS) collect storm
water and wastewater in separated systems. In these systems
storm water is often released into the aquatic environment
without treatment. For the Baltic Sea region reliable numbers
about the water discharge from SSS are lacking. We assumed that
SSS have a share of 50% in the Baltic Sea region. We did not
treat SSS as separate pathway but are integrated stormwater it
into CSS emissions.

Model simulations on transport, behaviour and deposition of
MP in the marine environment require the spatially resolved
concentrations of MP in and the amount of discharge water at the
land/sea interface as model input. The microplastics emissions
from every WWTP were calculated, taking into account the
specific microplastics removal efficiency (treatment technology),
the WWTPs were allocated in and assigned to the river basins.
Since the retention in river basins is crucial for the total emitted
number of particles to the sea and varies depending on the
length of the river basin and the location of the WWTPs in
the basin, we used an Excel-based tool to enable a flexible pre-
processing of the emission data used as model input. In this tool,
the distance of every WWTP to the river mouth was calculated,
which generally allowed to enter specific retention factors (%
particle retention/km) for different plastic types and size classes.
We assumed that coastal cities discharge directly into the sea
without any retention. However, the calculation of specific river
retention rates is linked to a very high uncertainty. Including
river retention in the scenarios would overlay the results and
uncertainties of the mitigation measures. Therefore, the role of
river retention was analysed separately and in scenarios dealing
with mitigation measures no microplastics retention during the
transport in the river was taken into account.

Model Approach
The modelling approach followed Osinski and Radtke (2020). We
used the UERRA high-resolution atmospheric reconstruction,
provided by SMHI, to drive both a third-generation wave
model (WAVEWATCH 3) and a hydrodynamic model for the
Baltic Sea (GETM). Both models have a horizontal resolution
of one nautical mile. A microplastics transport module is
added integrated online into the hydrodynamic model following
Osinski et al. (2020). The wave model provides wave properties
required for the calculation of bottom shear stress, and the
hydrodynamic model provides the current field used for the
passive transport of the particles, which are represented in
a Eulerian framework as a concentration per grid cell. The
size, density and shape of the particles determine the vertical
velocity relative to the ambient water and the critical shear
stress for the resuspension. The actual shear stress at each time
step was calculated from the bottom current velocity and the
significant wave height which was provided by the wave model.
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FIGURE 1 | (a) Location of the 3525 wastewater treatment plants in the Baltic Sea catchment (black dots), micro-plastics emission points (rivers and direct
discharge) to the Baltic Sea, including Kattegatt (red dots), and location of 10 selected rivers (red numbers). (b) total micro-plastic (floating and sinking fraction, size
class 20–500 µm) emissions to the Baltic Sea from all three urban sources and emissions from selected rivers as well as the share of every river of the total
emissions.

Settled particles were re-suspended, when the actual shear stress
exceeded the critical value.

Shape is a factor that determines the behaviour of particles
in the aquatic environment (e.g., Kowalski et al., 2016; Kooi
and Koelmans, 2019). However, we did not distinguish between
fragments, beads, spheres, flakes and films but partly separated
fibers. Our previous study (Schernewski et al., 2020) did show
that differences in shape and size have only a limited effect on our
simulation results, because of the temporal and spatial resolution
of our model approach. Sinking velocities were determined
from the Stokes parameterization assuming a spherical shape.
The critical shear stress was calculated from the Shields curve
(Shields, 1936). Both sinking velocities and critical shear stresses
for microplastics particles depend on viscosity and vary with
temperature. For example, at 10◦C water temperature and
particles with 20 µm size, we applied for a vertical velocity
of 2.32E-05 (m/s) for the floating fraction and −4.48E-04
(m/s) for the sinking fraction. While the floating fraction is
not accumulated at the sediment surface, the sinking fraction
(20 µm) is re-suspended at a critical shear stress of 1.63E-02
(N/m3). For more details, see the supplementary material in
Schernewski et al., 2020). The restriction of our approach to
the 20–500 µm size class resulted from model limitations. Large
particles with a density of 1.4 or above show a higher sinking

velocity and the faster transfer from one vertical model layer
to the next one, could not be resolved with the applied model
calculation time steps and would have caused model instability.

Particles entering a grid cell (1 nm) adjacent to a land cell
were immediately removed from the model and counted as
washed ashore. The particles washed ashore were accumulated
over time to provide numbers of the total amount of particles
washed ashore. An exception are those grid cells serving as an
emission source, such as rivers, here we did not assume beach
accumulation. A possible resuspension and further transport of
the particles that were previously washed ashore was neglected.
We did not distinguish between different coast types, such as
cliffs, sandy beaches or rocky shores. The model simulations
covered altogether 2 years, the period from March 2016
until December 2017. Additional 2 months before were used
for model spin-up.

In general, our model approach allows a scaling of the
microplastics concentrations in the environment, by post-
processing the simulation results. This means the absolute
concentrations emitted via each pathway and size class potentially
can be adjusted if new insights or better field data are available.
This is possible as long as the relative spatio-temporal emission
pattern remains the same. However, this has no consequences for
the presented results.
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RESULTS

Emissions and Behaviour of
Microplastics in the Baltic Sea
Our calculated total annual emission of all floating and sinking
microplastics from all urban sources to the Baltic Sea is
6.7 × 1013 particles (size class 20–100 µm) (Figure 1b). The
most important urban pathway is stormwater runoff and sewer
overflow, from combined (CSS) and separated (SSS) systems
with 4.2 × 1013 particles or 62% of the total annual emissions.
WWWTs contribute 1.7 × 1013 particles per year or 25% of
the total emissions and not connected wastewater 8.4 × 1012 or
13% of the total emissions. Figure 1b also shows the absolute
emissions of floating and sinking microplastics from all urban
sources from 10 selected important rivers and their relative share
of the total emissions to the Baltic Sea. The spatial allocation of
these rivers and the emission hot-spots are shown in Figure 2a
and, in detail, Figure 3a. The high emissions of the Odra
and Vistula result from the large size of the river basins and,
most important, the high number of population. The Vistula
catchment covers 183,000 km2 with 20.8 million inhabitants, and
the Odra catchment 118,000 km2 with 14.5 million inhabitants
(HELCOM, 2018a). With 282.000 km2, the Neva river, entering
the Baltic Sea in St. Petersburg, has the largest river basin in
the Baltic but hosts only a population of 6.1 million inhabitants,
resulting in a very low population density of 22 people per km2.
Other important rivers are the Nemunas (98,000 km2, 4.9 million
people), Daugava (88,000 km2, 2.8 million people and Göta älv
(Gota, 50.000 km2, 1.0 million people) (HELCOM, 2018a). These
six river basins alone host 60% of the entire population of the
Baltic Sea basin.

Other important emission points are large coastal cities
such as St. Petersburg (5.3 million inhabitants) or Stockholm,
Copenhagen and Helsinki with a population above one million
each. Not all emissions from St. Petersburg enter via the Neva
river. According to our calculations, the total emissions from
St. Petersburg together with the emissions from the Neva river
are 1.12 × 1013 or nearly 17% of the total emissions to the
Baltic Sea. A major reason is that 24% of the population are not
connected to WWTPs. Therefore, St. Petersburg area is the major
pollution hot-spot for microplastics from urban sources in the
Baltic Sea region.

According to our model, the average residence time for
microplastics entering the Baltic Sea water body is about 14 days.
This is true for both, the floating and the sinking microplastics
fraction. While the floating fraction stays in the water column
before it is washed ashore, the sinking fraction first accumulates
on the sediment surface. During storms the sinking fraction
is resuspended and washed ashore within a year, as well. The
total annual average concentrations in the water column of both
fractions together is between 1 and 4 particles/m2 in entire
water column in the central Baltic Sea (Figure 2b). In central
parts of the Arcona, Bornholm and Gotland Basins as well as
the Gulf of Finland, the Kattegat and the Bay of Mecklenburg
the concentrations in the upper 2 m water layer are around 1
particle/mł. For the Gulfs of Gdansk and Riga, the model suggests
10 particles/mł in the upper 2 m water layer (Figure 2f). These

high concentrations are restricted to near shore areas with high
emissions. In the immediate surrounding of major rivers, such as
the Vistula, Nemunas or Pregolja (Figure 3b) the concentrations
in the water column can exceed 100 particles/m2.

Microplastic is accumulated near the sea surface. The model
suggests that the relative share decreases fast with increasing
water depth of an area. The deeper an area is, the higher is the
relative share of microplastics in greater water depths (Figure 2e).
In the deep Gotland Basin 21% of the microplastic in the water
column is below 25 m and 8% are below 50 m. In the relatively
shallow Arcona Basin, only 6% of the microplastics are below
25 m and 0.5% below 50 m. For the Gulf of Finland (and the
Gulf of Gdank) 16% (resp. 9%) are below 25 m and 4% (resp.
2.5%) are below 50 m.

The total annual average concentrations at the sediment
surface of the central Baltic is below 0.0001 particles/m2 or
1 particle/ha and rarely exceeds 1 particle per m2 in areas
close to the coast. In shallow and sheltered coastal areas near
major emission spots, the concentrations can be much higher
(Figures 2c, 3c). The model also suggests higher concentrations
in deeper, central parts of sub-basins, such as the Arcona Basin
(western Baltic Sea) and the Gulf of Finland. The Gulf of
Gdansk clearly reflects the role of coast-parallel transport with
dominating currents and the decreasing concentrations with
increasing distance from the shore (Figure 3d). 50 km offshore
the microplastics concentrations hardly exceed 0.01 particle/m2

or 100 particles/ha.
According to our model approach, the vast majority of

emitted microplastics is washed ashore within the first few
kilometres around the emission source (Figure 2d). At the
coasts around St. Petersburg and near major rivers and cities,
above 109 particles/m are washed ashore every year. The Gulf
of Gdansk (Figure 3d) provides a detailed impression of how
strong the accumulation pattern of microplastics at beaches
depend on prevailing currents, bottom morphometry, coastline
structure, shelter and exposition. Within 50 km coastline, east
of the Vistula mouth the number of particles decreases from
109 particles/m down to 106 particles/m. The consequence of
the ragged Baltic coastline is a strong and small scale spatial
patchiness of microplastic accumulations at shores.

Figure 4 provides a more detailed insight into the behaviour of
the two fractions, floating and sinking microplastics, in the water
column. While floating microplastics is generally transported
over longer distances and spread in the entire Baltic Sea, the
heavier microplastics fraction can be found in the water body
only near coast, before it is temporary accumulated in sediments
and later washed ashore.

Increased Microplastic Retention in
Wastewater Treatment Plants
Based on our data, the total microplastics load to the Baltic Sea
could be reduced by 10.6% if all wastewater would be connected
to WWTPs and undergo a primary treatment (Figure 5a). We
assume that a primary treatment would remove 85% of all
entering microplastics. This relatively low load reduction reflects
that in the Baltic Sea region, the vast majority of wastewater
is already treated. If all wastewater would undergo at least a
secondary treatment, with a microplastics removal rate of 90%,
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FIGURE 2 | Baltic Sea: (a) emissions of microplastic particles from all three urban sources to the Baltic Sea assuming no retention in rivers; (b) average annual
spatial concentration of microplastic particles (20–500µm size fraction) in the water column; (c) at the sediment surface and (d) accumulation of micro-plastics
microplastic particles (20–500 µm size fraction) at Baltic Sea shores based on simulations with a 3D hydrodynamic model. Grey areas in the sea indicate
concentration below the colour scale. Panel (f) shows average particle concentrations per mł in the upper 2 m of the water column and provides concrete values for
major sea areas. Panel (e) visualizes the relative decreasing particle abundance (compared to the sea surface) with increasing water depth in different sea basins.

the total emissions would be reduced by 12.5% and a tertiary
treatment (denitrification and phosphorus-precipitation) would
cause a total load reduction of 14.5%. The relatively small load
reductions of 3.9%, assuming a tertiary instead of a primary
treatment shows that most WWTPs in the Baltic Sea already

carry out a tertiary treatment. Related to the present emissions
from WWTPs (and presently untreated wastewater) this would
mean a loads reduction of 38.7%. Sand-filtration and micro-
filtration, as further advanced treatment steps are presently rarely
implemented. Despite removing only additional 2% resp. 3%
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FIGURE 3 | Wider Gulf of Gdansk area: (a) emissions of microplastic particles from all three urban pathways to the Baltic Sea assuming no retention in rivers; (b)
average annual spatial concentration of microplastic particles (20–500µm size fraction) in the water column of the Baltic Sea; (c) concentrations at the sediment
surface and (d) accumulation of micro-plastics particles (20–500µm size fraction) at the shore and based on simulations with a 3D hydrodynamic model. Grey areas
in the sea indicate concentration below the colour scale.

microplastics, the effects on the total loads are with 21.7 and
26.9% significant. This strong effect results from the fact that
today, hardy any WWWT has this technology implemented and
an implementation would reduce the loads from practically all
WWTPs around the Baltic Sea. Reason for the low acceptance of
these additional treatment steps are the very high costs. Related
to the present emissions from WWTPs (and presently untreated
wastewater) this would mean a load reduction of 57.9% resp.
71.6%. Altogether, the potential to reduce microplastic emissions
with improved treatment technique is relatively limited and
beyond a reduction of about 15% of the total emissions (tertiary
treatment) becomes very costly.

Figure 5b provides a river basin differentiated picture of
microplastics emission reductions resulting from improved

WWTP technique. In the river basins of the Kokemäenjoki
in Finland and the Umeälven, a tertiary treatment technique
is implemented in all WWTPs. Therefore, only additional
sand-filtration and/or micro-filtration can potentially reduce the
emissions from WWTPs. This is different for the Odra and the
Vistula, whose river basins are mainly located in Poland. The
implementation of a primary (secondary) treatment could reduce
loads by 10% resp. 15% and a tertiary treatment (N/P removal)
by 37%. In the Pregolja (Russia) and Daugava (the basin is
shared by Russia, Belasus and Lativa) a tertiary treatment can
reduce the microplastic emissions by 63% resp. 58%. Regionally,
in eastern European states, especially in Russia and Belarus, the
improvement of WWTPs can still be regarded as an effective
measure to reduce microplastic emissions to the Baltic Sea.
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FIGURE 4 | Average annual spatial concentration of (a) floating and (b) sinking microplastic particles (20–500 µm size fraction) in the water column in the Baltic Sea
and the wider Bay of Gdansk based on simulations with a 3D hydrodynamic model. Grey areas in the sea indicate concentration below the colour scale.

Since most WWTPs are located in river basins, rivers cumulate
the emitted microplastic loads and are major emission spots to
the sea (Figures 6a,c). When assuming that all WWTPs have a
retention efficiency of 97% (sand filtration) the relevance of rivers
as emission pathways strongly decline (Figures 6b,d).

Reduction of Sanitary Sewer Overflow
Emissions
For the present situation in the Baltic region, we assume that
1.5% of wastewater enters the Baltic Sea without treatment
during sanitary sewer overflow events. This includes emissions
from stormwater. If technical measures such as stormwater

treatment techniques, technical filters, green roofs, bio-retention
and infiltrations paths, permeable surfaces, infiltration trenches,
stormwater ponds or artificial wetlands would reduce the
overflow events by only 0.2%, the total microplastics emissions
would be reduced by 8.3% (Figure 7). To reduce the total
emissions to the Baltic Sea by 50% would require that only 0.3%
of the wastewater enters during sanitary sewer overflow events.
Because of the relative importance of emissions during sanitary
overflow, measures to reduce sewer overflow are effective in
reducing total microplastics loads to the Baltic Sea. Implementing
sustainable drainage systems would reduce sanitary sewer
overflows, but more important reduce the stormwater volume
and microplastic particles concentration in the water.
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FIGURE 5 | (a) Relative micro-plastic particle emission reductions (floating
and sinking fraction, size class 20–500 µm) resulting from the assumption that
all sewage water in the Baltic catchment is processed in a basic treatment
plant (WWTP) with a micro-plastics cleaning efficiency of 85%, that all are
connected and the WWTPs possess a secondary treatment with a 90%
cleaning efficiency and that a better treatment is applied, reducing the
micro-plastics loads by 95, 97, and 98%. (b) Relative micro-plastic particle
emission reductions from WWTPs (floating and sinking fraction, size class
20–500 µm) in 10 different Baltic river basins.

Microplastics Retention in Rivers
The retention of microplastics in rivers, resulting from processes
such as sedimentation or trapping, can potentially have a strong
effect on the microplastic emissions to the Baltic Sea. Figure 8a
shows the effect of different retention rates on the calculated
emissions for the 10 selected rivers. Our simplified approach
assumes that the effect on the emissions depends on the distance
of the WWTPs to the coast, or a simplified transport distance
of a particle in the river. Shorter rivers such as the Umeälven
(470 km length) and/or rivers where the WWTPs are mainly
located near the coast, such as the Neva, do not show a strong
impact of increasing retention factors on the microplastic loads.
This is different for large rivers such as Odra, Vistula, Nemunas,
or Daugava. In these rivers, a relatively low retention factor of
0.1%/km already causes a microplastics load reduction above 20%
and a factor of 0.5%/km a reduction of around 70%.

If these retention factors are applied to all rivers in the Baltic
catchment, a factor of 0.1%/km would reduce the loads by 6
and 0.5%/km by 20%. A very high factor of 10%/km would
reduce the loads by 47%. This relatively low value indicates the
importance of emissions from coastal towns and cities and that

especially larger WWTPs are located close to the sea. Taking into
account microplastics retention in rivers in emissions calculation
to the entire Baltic Sea is relevant, but compared to all other
uncertainties associated with microplastic emission calculations
seems not to be of highest importance.

However, the application of retention factors affects the
importance of rivers for the total microplastic loads to the Baltic
Sea (Figure 8b). The calculated share of the 10 selected rivers of
the total loads is 21.6%. Assuming a retention factor of 0.5%/km
his share drops to around half of it, 10.1%. Already a factor of
2%/km would reduce the share to 3.2%. In case new data and
field studies would prove that a factor of 2%/km would reflect the
reality, emission calculations could be strongly simplified. In this
case, calculations could largely neglect the river basins and focus
on emissions from a 10 km coastal strip around the Baltic Sea.

DISCUSSION

Approach and Assumptions
A previous study (Schernewski et al., 2020) focussed on single
polymer types namely PE, PP as well as PET and their behaviour
in the marine environment. It did show that the results for
floating PE/PP and sinking PET can be transferred to other
polymer types with comparable densities, at least on our spatial
model resolution and when aggregating or averaging the results
over a year. The two fractions considered in our model approach
represent plastic polymers with a density between about 0.8 g/cmł
and 1.5 g/cmł. According to Kang et al. (2018), Lv et al. (2019),
Olesen et al. (2019), and Sun et al. (2019) we can assume that
our two polymer groups cover above 90–95% of all plastics from
urban pathways, at least when neglecting road runoff (tyres).

Based on a literature survey (Talvitie et al., 2015; Murphy et al.,
2016; Lares et al., 2018; Simon et al., 2018; Long et al., 2019; Wolff
et al., 2019), review papers (Kang et al., 2018; Gatidou et al., 2019;
Koelmans et al., 2019; Sun et al., 2019), we calculated average
concentrations of the floating and sinking plastic polymers in raw
wastewater, used the median concentration of 85,000 particles/mł
shared among both polymer groups with 50% each. Alternatively,
the average number of microplastics in raw wastewater (WWTPs
influents) of 134,000 particles/mł could have been applied.
Single studies even show much higher concentrations: Talvitie
et al. (2015) report extreme values above 600,000 and Simon
et al. (2018) even above 7,000,000 microplastics particles/mł.
The difference between these values give an idea about the
uncertainties associated to our calculated microplastic particle
emissions, which possibly exceed+/− one order of magnitude.

Size and shape of particle, such as fibers, fragments, beads,
spheres, flakes and films play an important role for the sinking
velocity (e.g., Kowalski et al., 2016; Kooi and Koelmans, 2019;
Waldschläger and Schüttrumpf, 2019a,b). In this study, we do not
distinguish between different sizes and shapes. Further we do not
assume that during the relatively short transport time of weeks
in the environment, plastic particles are significantly modified
in their properties. These simplifications seem justified, because
our previous study (Schernewski et al., 2020) showed that size
and shape do not play an important role for the behaviour in the
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FIGURE 6 | Annual spatial emission pattern of micro-plastic particles only from wastewater treatment plants (WWTPs) to the Baltic Sea, (a) assuming no
micro-plastics retention in rivers and (b) spatial emission pattern emissions into the Baltic Sea assuming that all WWTPs have a 97% cleaning efficiency. Panels (c,d)
show the same data focussed on the Gulf of Gdansk.

environment, when focussing on time scales of at least weeks and
our spatial model resolution.

We calculated the emissions based on aw wastewater
microplastic particle concentrations taking into account the
treatment efficiency of each WWTP. For this purpose, we used
the database by Baresel and Olshammar (2019) including location
and emissions from WWTPs, CSS systems including stormwater
and untreated wastewater (not connected to WWTPs) in the
entire Baltic Sea region. The uncertainties are discussed in Baresel
and Olshammar (2019).

Model approaches and simulations always provide a
simplified picture of the reality. In general, the spatial transport
pattern in the open sea are much more reliable compared
to the microplastics accumulation pattern at the coast.
The uncertainties associated to the model are discussed in
Schernewski et al. (2020). In general, we can conclude that the
uncertainties resulting from the model approach are relatively

low compared to the high uncertainties related to microplastic
particle numbers in raw wastewater and follow-up assumptions
on emissions. However, we need to point out one important
simplifying assumption in the model. Particles that enter a
grid cell adjacent to land are assumed to be washed ashore
immediately. This means that near-shore processes such as
resuspension from beaches are neglected. Further, the model
assumes that particles can be washed ashore at all kinds of coasts.

With an average depth of 55 m, the Baltic Sea is relatively
shallow. It is known that in the Baltic Sea a wave induced
resuspension of soft sediments takes place down to a depth
of about 80 m. Therefore, large areas are subject to frequent
resuspension and material with a density around 1 g/cmł
can be transported in the water column over long distances.
The likelihood that it ends-up at the coast is high. Material
with a higher density already settles near the coast and after
resuspension is accumulated at the coast, as well. Therefore, the
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FIGURE 7 | Micro-plastic particle emission reductions (floating and sinking
fraction, size class 20–500 µm) resulting from the assumption that instead of
todays 1.5% sanitary sewer overflow (of the total annual WWTP inflow) in the
Baltic catchment, technical retention measures reduce the overflow share
stepwise to 0.1% of the total wastewater amount.

relative shallowness of the Baltic Sea explains why our model
suggests that only a small share of microplastics are deposited
in deep basins and the vast majority at the coast. The result

supported by studies e.g., on N-isotopes or using eutrophication
models, indicating that river-borne nutrients are accumulated
in coastal areas.

Retention in Rivers
The knowledge about the retention of microplastics in rivers is
still scarce. It is known that it depends on particle size, shape and
density (e.g., Nizzetto et al., 2016; Besseling et al., 2017; Kooi et al.,
2018) and biofilm colonization plays an important modifying
role (Hoellein et al., 2019). Hoellein et al. (2019) conclude
that current models of microplastic transport underestimate
microplastic retention in rivers. This view is supported by results
of Besseling et al. (2017) who carried out scenario studies with a
hydrological model and conclude that in 40 km river practically
all particles (>100 µm spherical polystyrene) are kept back. As a
consequence, Siegfried et al. (2017) take into account retention
fractions for each microplastics source and the length of the
rivers in their microplastic export calculation to seas. On the
other hand, Nizzetto et al. (2016) assume that microplastics larger
than 200 µm are generally not retained in the Thames river,
regardless of their density and that other microplastics can be
retained in the sediment until it is remobilized during floods.

FIGURE 8 | (a) Relative reduction of annual micro-plastic particle emissions reductions (floating and sinking fraction, size class 20–500 µm) to the Baltic Sea
assuming different micro-plastics retention factors (%/km) in rivers, calculated for the entire Baltic Sea catchment and 10 selected rivers. The reduction is related to
the present load of every river. (b) Absolute annual micro-plastics particle emissions resulting from increasing micro-plastic retention factors (%/km) in rivers as well
as relative share of the 10 rivers compared to the total emissions to the Baltic Sea.
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Other microplastic export calculations do not take into account
retention in rivers. (e.g., van Wijnen et al., 2019) and Windsor
et al. (2019) state that still little is known about the residence time
of plastics in rivers and their role as temporary sinks. The major
question is, whether microplastic retention is only temporary
since permanent sinks in rivers are lacking. This could be the case
at least as long as the rivers do not pass lakes, reservoirs and major
wetlands. A consequence is that the retention rate may strongly
vary between different rivers. The Warnow river in northern
Germany can be regarded as a representative southern Baltic
lowland river. Microplastics concentrations and water discharge
were sampled on 5 locations along the river. This unpublished
data from the MicroCatch project does not indicate a significant
retention in the river system.

However, as a consequence of these contradicting views and
results we did not apply defined retention factors, but carried
out scenario simulations using a range of retention factors. In
these calculations we took into account the distance of each
WWTP to the sea. A retention factor of 1%/km would reduce
the total loads to the Baltic by 28%. Compared to other potential
errors still associated to microplastic emission calculations, it
seems that the potential error resulting from retention in rivers
does not play the major role for emissions to the Baltic Sea.
However, retention in rivers has practical implications, because
the higher the retention rate, the less important are emissions
by rivers. As a practical consequence microplastics mitigation
and load reduction measures should preferably address near
coast emission sources. With the present scarce knowledge, we
think the application of retention factors in rivers would add
uncertainties to emission calculations and open the door for
manipulations of total emission data to the sea.

Comparison to Data
Our approach refines existing microplastics emission approaches
for the Baltic Sea. Instead of calculating mass flows, like Siegfried
et al. (2017) or Bollmann et al. (2019) we focus on particle
numbers. Disadvantage is that the uncertainties of our approach
are very high. Potential advantage is that our results can be
directly compared to existing field data and provide concrete
microplastics concentrations for the marine environment, that
can be assessed with field studies.

For the Swedish river Dalälven, GESAMP (2016), provides
estimated total annual emissions of microplastics items of
4 × 1010, while our calculation results in 1.15 × 109 particles,
but restricted to the 20–500 µm size class and for urban
sources only. For the Baltic Sea, HELCOM (2018a) states that
an assessment of the state of pollution with respect to marine
litter is still not possible. However, some data exists: Setälä
et al. (2016) found 0.3–2.1 particles/mł in the Gulf of Finland
and Tamminga et al. (2018) 0.04–0.09 particles/mł in the South
Funen Archipelago. Both studies only address particle sizes above
333 µm. The differences in the considered size fractions and
emission pathways do not allow a direct comparison to our
concentrations. However, the order of magnitude is similar and
the concentration gradients between the Gulf of Finland and the
Archipelago is well reflected in and can be explained with our
model simulations.

Our model approach suggests a high annual accumulation of
microplastics particles close to the emission pathways, usually
around river mouths, cities as well as in enclosed and semi-
enclosed coastal waters. Generally, this is well supported by
literature. Gewert et al. (2017) found nearly ten times higher
abundance of plastics in surface water near central Stockholm
than in offshore areas. Yonkos et al. (2014) reported the highest
microplastics concentrations near densely populated areas of
Chesapeake Bay and comparable results exist for other estuaries
and lagoons (Vianello et al., 2013; Song et al., 2015; Vermeiren
et al., 2016; Gray et al., 2018; McEachern et al., 2019).

Microplastic is found in many sediments and highest
concentrations are observed near populated areas, near emission
sources, especially in semi- and enclosed systems (Claessens
et al., 2011; Vianello et al., 2013; Gray et al., 2018) and on
exposed beaches (Wessel et al., 2016). Whether sediments serve as
permanent sink for microplastics (Vianello et al., 2013; Boucher
and Friot, 2017) or only as a temporary storage, depends on
the system. Our results indicate that the heavier microplastics
fraction is accumulating during the summer months in coastal
waters, but is re-suspended by wave induced turbulence during
frequent autumn and winter storms and washed ashore. Our
results do not suggest a permanent accumulation in the Baltic
Sea over years. The consequence is an ongoing accumulation at
beaches which presently cannot be supported by field data.

Effectiveness of Measures and Policies
Already in 2013, the European Technical Subgroup on Marine
Litter asked to “develop common indicators and associated
targets related to quantities, composition, sources and pathway
of marine litter, including riverine inputs, in order to gain
information on long-term trends, and carry out the monitoring
of the progress toward achieving the agreed goals and to gain
an inventory of marine litter in the Baltic Sea as well as
scientific sound evaluation of its sources” JRC (2013). The Baltic
Marine Environment Protection Commission (HELCOM) is an
intergovernmental organization with the aim to protect the
marine environment of the Baltic Sea. HELCOM implements
the European Union environmental policies on a regional sea
level. An important action is the HELCOM Action Plan on
Marine Litter (HELCOM, 2015). It recognizes that especially
microplastics is a potential risk for the organisms in the Baltic
Sea and that the amounts of marine litter emitted to the
Baltic Sea need to be reduced significantly. At the same time,
major shortcomings in knowledge are indicated, for example
that the establishment of a coordinated regular monitoring
with unified methods is still missing. Further, the HELCOM
Action Plan on Marine Litter calls for cost-effective actions to
reduce the pollution.

The HELCOM action plan mentions the improvement of
WWTPs only as voluntary national action. Our calculations
suggest that the total microplastics emissions could be reduced
by 12.5% if all wastewater in the Baltic catchment would be
connected to WWTPs and undergo a secondary treatment with
a microplastics retention efficiency of 90%. Especially in eastern
Baltic countries this can efficiently reduce microplastic loads
to the sea. In rivers such as the Pregolja and the Daugava a
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full secondary treatment would already reduce the microplastics
emissions from WWTPs by 35–37% and a tertiary treatment even
by 58–63%. Therefore, it is recommendable to foster a further
improvement of WWTPs at least up to a tertiary cleaning level.
The costs of a further treatment using sand-filtration or micro-
filtration cannot be evaluated. It depends on many factors such
as the implemented technical solution or the size of a WWTP.
Further, calculations on its cost-effectiveness have to take into
account nutrients and other pollutants, which are kept back as
well, when a better treatment technology is applied.

One action defined by HELCOM (2015) is to improve
the stormwater management in order to prevent microplastics
emissions to the Baltic Sea during heavy weather events. The
necessity to tackle stormwater and to reduce sewer overflow
especially, is strongly supported by our results. A wide range
of measures is possible to implement an emission reduction,
such as technical filters, stormwater ponds and artificial wetlands,
overland flow systems, green roofs, bio-retention and infiltration
paths, permeable surfaces etc. (Coalition Clean Baltic, 2019).
The cost-efficiency of these measures is intensively assessed (e.g.,
Joksimovic and Alam, 2014; Liu et al., 2016; Nobles et al., 2017;
Bixler et al., 2020). However, the costs of each single measure
and the optimal set of measures to reach a defined stormwater
retention depend on the site specific situation (Bixler et al., 2020).
A reliable cost estimation for the Baltic region in general is
hardly possible. However, the high number of measures ensures
flexibility in finding suitable, site specific and cost-effective
stormwater retention management approaches.

For Europe, observations and climate model projections show
an increase in extreme precipitation (Madsen et al., 2014) and
a climate signal in flood observations is already visible (Blöschl
et al., 2017). In the Baltic, the future average precipitation
amounts are projected to be larger than today and precipitation
extremes are expected to increase (Christensen and Kjellström,
2018). Therefore, the amount and importance of stormwater as
a pathway for microplastics is likely to increases in the future
(Olsson and Foster, 2014). According to our calculations, an
increase of sewer overflow from 1.5 to 3.0% resulting from
climate change would increase the annual microplastics loads by
more than 60% and could not be compensated by other measures
such as improvement of WWTPs. The assumed increase in
sewer overflow to 3% as a consequence of climate change is
speculative, but visualizes the importance and urgency to tackle
stormwater and resulting sanitary sewer overflow as emission
pathways for microplastics.

CONCLUSION

The aggregation of most plastic polymers based on their density
into a floating and a sinking fraction, provides an insight into the
behaviour spectrum of microplastics in the marine environment.
Further, it covers the majority of all microplastics emitted to the
aquatic environment (in the size class between 20 and 500µm),
because urban source can be regarded as most important,
apart from tyre wear. Our results provide concrete particle
concentrations for the water column, sediments and beaches, that
have to be verified with field studies. Possibly most important is

that the model simulations can explain observed spatial gradients
in microplastics concentrations and provide a consistent spatial
pollution pattern for the water column, sediments and beaches
in the Baltic Sea region, including Kattegatt. It enables the design
of spatial monitoring programmes, the optimization of sampling
strategies and allows an assessment and extrapolation of field data
taken at few locations.

Our results indicate that stormwater runoff and sanitary sewer
overflow is the most important urban emission pathway. It
seems realistic, that an implementation of retention measures
can reduce the total microplastics emissions to the Baltic
Sea by more than 30%. Since nutrients and other pollutants
would benefit from reduced sewer overflow, as well, and taking
into account that the amount and frequency of stormwater is
likely to increase as a consequence of climate change, urgent
action is recommended. In eastern European river basins and
countries, the connection of all wastewater to WWTPs and the
implementation of a tertiary treatment can reduce the total
microplastics by 15% and is recommendable.

The retention of microplastics during the transport in rivers
is largely unknown and requires further research. However, for
the Baltic, the error by not applying a retention factor is limited
because near coast emissions contribute around 50% of the total
microplastics emissions the Baltic Sea. One consequence is that
microplastics emission reduction measures should, from a Baltic
Sea protection perspective, preferably be implemented near the
coast, especially in coastal urban areas.
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