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a b s t r a c t

Quantifying the transport of plastic debris from river to sea is crucial for assessing the risks of plastic
debris to human health and the environment. We present a global modelling approach to analyse the
composition and quantity of point-source microplastic fluxes from European rivers to the sea. The model
accounts for different types and sources of microplastics entering river systems via point sources. We
combine information on these sources with information on sewage management and plastic retention
during river transport for the largest European rivers. Sources of microplastics include personal care
products, laundry, household dust and tyre and road wear particles (TRWP). Most of the modelled
microplastics exported by rivers to seas are synthetic polymers from TRWP (42%) and plastic-based
textiles abraded during laundry (29%). Smaller sources are synthetic polymers and plastic fibres in
household dust (19%) and microbeads in personal care products (10%). Microplastic export differs largely
among European rivers, as a result of differences in socio-economic development and technological
status of sewage treatment facilities. About two-thirds of the microplastics modelled in this study flow
into the Mediterranean and Black Sea. This can be explained by the relatively low microplastic removal
efficiency of sewage treatment plants in the river basins draining into these two seas. Sewage treatment
is generally more efficient in river basins draining into the North Sea, the Baltic Sea and the Atlantic
Ocean. We use our model to explore future trends up to the year 2050. Our scenarios indicate that in the
future river export of microplastics may increase in some river basins, but decrease in others. Remark-
ably, for many basins we calculate a reduction in river export of microplastics from point-sources, mainly
due to an anticipated improvement in sewage treatment.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

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

Plastic pollution is considered one of today's main environ-
mental problem and pollutants in oceans, rivers and streams
(Barnes et al., 2009) and have potential risks to human health
(Wright and Kelly, 2017) and the environment. The occurrence of
plastic debris in the marine environment, in lakes (Eriksen et al.,
2013; Free et al., 2014), at shorelines (Browne et al., 2011) and in
rivers (McCormick et al., 2014; Klein et al., 2015; Lechner et al.,
2014; Yonkos et al., 2014; Kooi et al., 2016) received increased
attention and attempts have been made to quantify microplastic
(plastic particles with the dimension of 1 mmup to 5 mm) pollution
in the marine environment (Barnes et al., 2009; C�ozar et al., 2014;
ed), carolien.kroeze@wur.nl
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Eriksen et al., 2014; Van Sebille et al., 2015). Recent estimates
indicate that rivers transport between 1.15 and 2.41 million tonnes
of plastic waste to seas (Lebreton et al., 2017) and this is expected to
increase in the coming decades (Jambeck et al., 2015). However,
quantitative information about microplastics entering the sea from
land is scarce, whereas the relative contributions of the different
sources and pathways of plastics are not well documented (Kooi
et al., in press). Most studies of marine litter in urban run-off
focus on macro-rather than on microplastic debris (Ryan et al.,
2009).

Microplastics are known to originate from different sources,
which can be divided in two broad categories: primary- and sec-
ondary sources (Bergmann et al., 2015). Primary sources are
microplastics that are manufactured in microscopic size for do-
mestic and industrial applications, like plastic pellets used as raw
material in the plastic industry and/or abrasive microbeads in
cosmetics, detergents, other hygiene and personal care products
(Arthur et al., 2009; Cole et al., 2011; Fendall and Sewell, 2009).
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Secondary microplastics originate from larger plastic materials and
are formed from the breakdown of macroplastics through photo-
degradation and mechanical abrasion of marine debris into small
plastic particles (Gewert et al., 2015).

Microplastic pollution can originate from point- or diffuse
sources. Whereas there is an urgent knowledge gap to understand
the characteristics of either one of these sources, this study focuses
on microplastic point-source fluxes. The considered pathway of
point-source microplastics from land to the sea is effluents of
centralized sewage systems. Microplastics in domestic wastewater
are being transported to wastewater treatment plants (WWTPs) or
are discharged untreated to adjacent water bodies. A potential
significant input of microplastics that is not included are fluxes
from combined sewer overflows. Rivers connect land to sea and
present an important pathway of microplastic waste generated
inland to reach the marine environment. Microplastic transport
from rivers to seas from such point sources is, therefore, important
to better understand the processes underlying the contamination
of aquatic ecosystems with plastic debris. Diffuse sources are
sources without a specific point of discharge. Examples are plastics
entering a body of water through surface run-off, rainfall or wind.
Such inputs occur over a wide area and are much more difficult to
characterise at present, due to fundamental data gaps with respect
to source composition and process rates that govern the transport
(e.g. run off) of plastic debris. In areas not connected to centralized
sewage systems, decentralized systems such as septic tanks are
often used.

Scarcity of quantitative data is one of the biggest constraints
encountered in environmental research of microplastic pollution.
There are studies available on accumulation of plastic debris in the
environment (Barnes et al., 2009), sources of (micro)plastics
(Arthur et al., 2009; Cole et al., 2011; Fendall and Sewell, 2009) and
consequences of plastic pollution in themarine environment (Kühn
et al., 2015). Quantitative assessments of per capita microplastic
consumption from different sources are available (Essel et al., 2015;
Sundt et al., 2014), as well as information on the microplastics
content in incoming wastewater at sewage treatment plants
(Brandsma et al., 2013; Magnusson and Nor�en, 2014; Mintenig
Fig. 1. Schematic overview of microplastic point-sourc
et al., 2017; Kal�cikova et al., 2017; Talvitie and Heinonen, 2014),
and river retentions (Besseling et al., 2017). However, on the con-
tinental or global scale, the explicit quantitative analyses of the
export of microplastics from land to the sea has not been addressed.
Quantities that are released into rivers from sewage treatment
plants and subsequently enter the sea on these spatial scales are
largely unknown, yet crucial for assessing short- and long-term
impacts caused by plastics (GESAMP, 2016).

The aim of this paper is to provide an estimate of microplastic
fluxes from land to sea for European rivers. Our approach accounts
for point-sources of plastics in river systems and selected types and
sources of microplastics. Our analysis builds on earlier applications
of a river export model for nutrients that includes information that
is relevant for plastic pollution (Kroeze et al., 2016). We apply our
model to river basins draining into the North Sea, Baltic Sea, Black
Sea, Mediterranean Sea and European river basins draining into the
Atlantic Ocean, to calculate microplastic fluxes for the year 2000
and two scenarios for the year 2050.

2. Method

2.1. Model overview

Our modelling approach is inspired by an existing global model
for nutrients, the Global NEWS (Nutrient Export from WaterSheds)
model (Seitzinger et al., 2010; Mayorga et al., 2010). Global NEWS
calculates point source inputs of nutrients to rivers (from sewage).
We take the same approach, and calculated river export of micro-
plastics from point-sources as a function of human activities on
land and river retention (Fig. 1). Global NEWS has been applied
using input data from the IMAGE model (land use, agricultural and
socio-economic parameters) and WBMplus (hydrology). It is thus
based on the STN-30p river system (V€or€osmarty et al., 2000) at a
grid of 0.5 � 0.5� to delineate flow directions and all major basins
draining to the coast. Input datasets for point sources (population,
sewage treatment) are described in Van Drecht et al. (2009).

Microplastic yield (YldMP; Eq. (1)) is the amount of microplastic
from point-sources that is exported to the rivermouth per unit area
e inputs to rivers and export to the river mouth.



Table 1
Microplastic data sources.

Micro plastic point-sources (WShwcap,i) Quantitative estimate Reference

Personal care products (WShwcap,PCP) 0.0071 kg capita�1 year�1 Sundt et al., 2014, Essel et al., 2015
Household dust (WShwcap,HD) 0.08 kg capita�1 year�1 Sundt et al., 2014
Laundry inputs (WShwcap,LD) 0.12 kg capita�1 year�1 Sundt et al., 2014
Tyre wear (WShwcap,TRWP) 0.18 kg capita�1 year�1 Sundt et al., 2014, Rijkswaterstaat, 2014,

Nor�en and Naustvoll, 2010, Essel et al., 2015
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of the basin (kg km�2 year�1). Yields are calculated as a fraction
(FEriv,i) of the input of microplastics to rivers from point-sources
(RSpnt,i kg km�2 year�1) (Mayorga et al., 2010):

YldMP ¼
Xn

i¼1

�
FEriv;i � RSpnt;i

�
(1)

where:

MP ¼ microplastic of type n. We accounted for four sources of
microplastics (n ¼ 4): personal care products (PCP), household
dust (HD), laundry textiles (LD) and tyre and road wear particles
(TRWP);
FEriv,i is the fraction of microplastic inputs to streams that is
exported by rivers and aquatic system for microplastic type i;
and
RSpnt,i is the microplastics input to rivers from the point-source
of microplastic type i (kg km�2 year�1).

Micro plastic loads are calculated fromyields and the river basin
area.

LMP ¼ YieldMP�A (2)

where:

LMP ¼ micro plastics load (kg year�1);
YieldMP ¼ micro plastics yield, Equation (1) (kg km�2 year�1);
and
A ¼ basin area (km2), derived from the existing Global NEWS
model.

Point source inputs of microplastic to rivers are estimated in the
sameway as nitrogen point sources in Global NEWS, as described in
Van Drecht et al. (2009). Point source inputs are calculated per river
basin. We account for sewage treatment efficiencies, the extent to
which people are connected to sewage treatment systems and the
per capita input of microplastics to the river basin:

RSpnt,i ¼ (1 e hwfrem,i)�PConDen�WShwcap,i (3)

where:

hwfrem,i ¼ fraction of microplastics of type i in sewage influent
which is removed via sewage treatment (see SI Appendix);
PConDen ¼ Density of population connected to sewage system
(inhabitant km�2); and
WShwcap,i ¼ per capita input of microplastics of type i to the
river basin (kg capita�1 year�1).
2.2. Per capita inputs of microplastics (WShwcap)

Data on microplastics are scarce (Arthur et al., 2009), yet
estimates from several studies can be combined (Sundt et al., 2014;
Essel et al., 2015) (Table 1). We accounted for microbeads in per-
sonal care products, synthetic polymers and plastic fibres in
household dust, abraded plastic based textiles during laundry and
point-source inputs from synthetic polymers from tyre abrasion
mixed with road wear particles.

Personal care products (e.g. facial and body scrubs, toothpaste,
shaving cream, peeling products and make-up, etc.) are products
containing microbeads (micro sized synthetic polymers, most
commonly made of polypropylene, polyethylene, and nylon)
(Fendall and Sewell, 2009; Napper et al., 2015; Sundt et al., 2014).
Households generally have many plastic materials and products
containing synthetic polymers (Sundt et al., 2014). Abrasion and
weathering of these materials and products contribute to house-
hold dust. The microplastic particles eventually will be cleaned by
air conditioner filters and cleaning of floors and dusty surfaces.
When cleaned up, they end up in the drain and make their way to
sewage treatment plants (Webster et al., 2009).

Plastic polymer based textiles containing microplastics are
abraded as microplastic particles during laundry washing. In
addition, collected particles will be discharged to the sewer.
Abraded synthetic polymers from tyre related wear are another
source of microplastic pollution (Nor�en and Naustvoll, 2010). The
car tyre surface is based on synthetic polymers (Styrene Butadiene
Rubber, and other additives) and natural rubber that slowly
degrade and loose tyre material due to abrasion (Sundt et al., 2014).
Car tyre wear particle inputs are mixed with road pavement par-
ticles due to friction at the pavement surface interface during
rolling of the tyre (Verschoor et al., 2016) resulting in tyre and road
wear particles (TRWP). The composition of TRWP is influenced by
several factors as described by Verschoor et al. (2016). Their inputs
estimates are based on tyre wear fraction and do not include par-
ticles released from the road surface. Furthermore, TRWP does not
solely occur as a point-source input. TRWP is emitted into the air,
soil, surface waters and sewage systems via runoff (Verschoor et al.,
2016). Verschoor et al. (2016) estimate that point sources account
for 13% of the total microplastic inputs to rivers, Kole et al. (2015)
15%. We use the estimate of 15% in the present study to account
for point-sources of TRWP emissions. TRWP emissions is an un-
certain parameter. We acknowledge that the share that ends up in
WWTPs may be lower in countries where storm water is not
entering a centralized sewage system and bypasses a WWTP. For
those, we may be overestimating the point source inputs to some
extent but there are no data to model this more explicitly.
2.3. River retention

Retention of microplastic particles relates to the fraction of the
total amount of microplastics retained within the river system,
which thus is not exported at the river mouth. This can occur due to
net settling which in turn depends on the density and morphology
of the particles (Table 2) (Besseling et al., 2017; Kooi et al., in press).
We use retention fractions for each microplastics source (Table 2)
and account for the length of the rivers (i.e. for basins with shorter



Table 2
Overview of microplastic sources, their particle size (mm), polymer type and density (g/cm3) (Based on Lassen et al., 2015). Grey rows indicate the four microplastics sources
included in this study, white rows provide more details about personal care products.

Micro plastic sources (i) Size of particles (mm) Plastic type Density (g/cm3) Retention
fraction (Reti)a

References

Personal care products Weighted
average of 0,2b

Toothpaste 2-5, >10 (white spherical), >100
(blue spherical)

Polyethylene 0.91e0.94 0 Hintersteiner et al., 2015,
Polymer Data Handbook 1999.

Facial scrubs 40e800 Polyethylene 0.91e0.94 0 Gregory, 1996, Strand 2014, Polymer
Data Handbook 1999.

Hand cleaning 100e1000 Polyethylene 0.91e0.94 0 Gregory, 1996, Polymer Data Handbook
1999.

Shower Gel >100 (white spherical), >300
(blue elongated)

Polyethylene 0.91e0.94 0 Hintersteiner et al., 2015, Polymer Data
Handbook1999.

Shaving Foam 5e15 Polytetrafluorethylene 2.28e2.29 1 Sundt et al., 2014, Polymer Data
Handbook 1999.

Household dust 10e100 Polyamide, Polystyrene,
Acrylic

1.13e1.15, 1.04e1.09,
1.09e1.20

0.75c, 0.9c Sundt et al., 2014.

Laundry textiles 10e100 Polyamide, Polystyrene,
Acrylic

1.13e1.15, 1.04e1.09,
1.09e1.20

0.75c, 0.9c Sundt et al., 2014, Polymer Data
Handbook 1999.

Tyre and road wear
particles (TRWP)

10e400 Styrene Butadiene Rubber
as in TRWP

1.2e1.3 0.75c, 0.9c Sundt et al., 2014, Verschoor et al., 2016.

a Retention fractions (Ret,i) for each microplastics source i (i.e. personal care products, household dust, laundry and tyre and road wear particles) were estimated based on
spatially explicit hydrodynamic river model simulations as provided by Besseling et al. (2017).

b All sub-sources of personal care products are considered to have equal weight as data availability only permitted estimates for personal care products as a sum of sub-
sources.

c We assumed TWRP would dominate the inputs of car tyre wear, however a non-associated fraction of SBR cannot be excluded, which is why the retention was at 0.75 or
0.90 (depending on the basin scale) rather than at 1.0. A retention fraction of 0.75 is applied to small basins (�3 cells), and 0.90 to the remaining river basins respectively.
Smaller basins have a shorter distance to the sea and it is assumed that microplastic particles are less retained in river systems with shorter distance to the river mouth
(Besseling et al., 2017).
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distance to the river mouth, a lower retention is defined). The
fraction of water removed from rivers for consumptive water use
(FQrem,i) for each basin was adopted from Global NEWS (Van
Drecht et al., 2009). The model calculations do not account for
remobilisation or burial of microplastic particles, given the lack of
knowledge on occurrence and frequency of these processes. The
fraction of the microplastics inputs to rivers that is exported to the
river mouth (FEriv,i) is calculated as follows:

FEriv,i ¼ (1 e Ret,i)�(1 e FQrem,i) (4)

where:

Ret,i is the retention fraction of the different microplastic sour-
ces i; and
FQrem,i is the fraction of microplastic types i removed through
consumptive water use.

Equations (1)e(4) were applied to 623 individual river basins
draining into European seas, as provided by the Global NEWS
model.
2.4. Population connected to sewage systems (PConDen) and
microplastic fraction removal by sewage treatment (hwfrem)

The number of people connected to sewage systems (PConDen)
for each river basin is derived from Global NEWS (Van Drecht et al.,
2009). Existing studies on the removal of microplastics in sewage
treatment plants (Brandsma et al., 2013; Magnusson and Nor�en,
2014; Mintenig et al., 2017; Kal�cikova et al., 2017; Talvitie and
Heinonen, 2014) indicate a microplastics removal efficiency of
95% or more for sewage treatment plants with at least primary
treatment in place. Secondary and tertiary treatment remove
somewhat, but not much, more (Carr et al., 2016). We use sewage
treatment efficiencies for microplastics that are based on the de-
gree of treatment, i.e. no treatment, primary-secondary or tertiary
treatment. These degrees of treatment in river basins are deduced
from phosphorous removal efficiencies in sewage treatment from
Global NEWS (Van Drecht et al., 2009). Different densities and
morphologies of microplastic particles that may affect the removal
efficiency during treatment are not accounted for. Microplastic
parameters are motivated as fair approximations of average
microplastic behaviour. More detailed information on the imple-
mentation of the removal efficiencies of sewage treatment plants is
available in the supplementary material (SI Appendix).
2.5. Scenarios

River export of microplastics to European seaswas calculated for
the past (2000) and future (2050). For the year 2050 we used two
existing scenarios as a starting point. These are the Global
Orchestration (GO) and the Adaptive Mosaic (AM) scenario from
the Millennium Ecosystem Assessment (Alcamo et al., 2005). These
scenarios have been implemented in Global NEWS (Seitzinger et al.,
2010). The scenarios differ in assumptions on socioeconomic
development (globalization or regionalization) and environmental
management (proactive or reactive). Earlier Global NEWS studies
provide input datasets for these scenarios for land use, hydrology
and point sources (Bouwman et al., 2009; Fekete et al., 2010; Van
Drecht et al., 2009).

The GO scenario presents a globalized world with a reactive
approach towards environmental management, focusing on rapid
economic growth and low population growth. In GO sewage
connection and sewage treatment efficiencies are generally higher
than in AM in 2050, and also higher than in the year 2000.
Consumptive water use is generally higher in AM. The AM scenario
is characterized by proactive environmental management with
relatively simple and economically feasible technologies at regional
level. For a more detailed description of the MA scenarios the
reader is referred to the supplementary material (SI Appendix,
Table S1).



Fig. 2. Panel A: Population densities (inhabitants/km2) in the study area. Panel B: Percentage of inhabitants connected to sewage treatment plants. Panel C: sewage treatment
efficiencies for microplastics. Source: Deduced from Global NEWS input data for the year 2000.
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3. Results and discussion (<1500)

3.1. Population densities, sewage connection and sewage treatment

Population densities vary largely among river basins, ranging
from 0 to more than 1000 persons per km2 in 2000 (Fig. 2A).
Population densities are high along the coastlines in the northern
part of the African continent (mouth of the Nile, Morocco, Algeria
and Tunisia), in west Asia (Israel, Lebanon), and in parts of Europe
(Greece, Italy, around the Black Sea, the United Kingdom, northern
France, Belgium and the Netherlands). Population densities are
lower in large parts of Africa, and in Sweden, Norway and Finland.

A crucial factor for point-source river export of microplastics is
the connection of the inhabitants of river basins to sewage treat-
ment plants. The more inhabitants are connected to sewage sys-
tems, the more microplastics potentially enter the sewage
treatments plants in sewage influents or are discharged without
sewage treatment. The map visualizes the percentage of in-
habitants per km2 connected to sewage systems, based on the total
population density within the river basin (Fig. 2, Panel B).

Generally, in northern African, many river basins have no- or
very low connectivity to sewage systems. Only in some small basins
close to the Mediterranean Sea the sewage connection rate is
higher (60e100%). In western Asia sewage connection is typically
50e100%, especially around Israel and Lebanon. The Black Sea re-
gion generally has many rivers with no connection, however in
some of the large river basins draining into this sea (Danube, Don),
between 50 and 75% of all inhabitants have a connection to sewage
installation. Dark red indicates that the population is not connected
to sewage systems and, therefore, there are no point-source inputs
of microplastics in these rivers.

The efficiencies of sewage treatment plants in removing
microplastics from sewage influent differ among river basins. As
described earlier, the efficiency of sewage treatment plants to filter
out microplastics during sewage treatment is the single most
influential factor in preventing microplastics to enter aquatic sys-
tems and ultimately reach the marine environment. In the year
2000, there was no sewage treatment in around 20% of all river
basins (Fig. 2C, red colour). These river basins are located in the
northern part of the African continent and Turkey. In another 20% of
the basins, the basin-average treatment efficiency is 25% (Fig. 2C,
orange colour); these are primarily located in Ireland, partly
Portugal, Greece, Eastern Europe, the northern part of the Black Sea
region and western Asian river basins. Around 35% of the river
basins have sewage treatment efficiencies of 50% (Fig. 2C, yellow
colour). These river basins are mostly concentrated in the western
European countries, the United Kingdom, Italy and partly in eastern
European countries. Only around 5% of all basins have a sewage
treatment efficiency of 75%, which are mostly concentrated in
Norway and Estonia. Less than 20% of all river basins have the
highest treatment efficiencies (set at a conservative 95%, dark
green), most of which are concentrated in Denmark, Sweden, the
Netherlands and Finland as well as around Germany and Cyprus.

3.2. River export of microplastics

The calculated river export (yields) of microplastics to coastal
seas ranges between 0 and 192 kg km�2 river basin year�1 for the
year 2000 (Fig. 3).

Zero microplastic yield from point sources are calculated for
basins in northern Africa, around the Black Sea and in Italy, Greece,
northern Scotland and parts of Turkey. This can be explained from
the fact that no population is connected to centralized sewage
systems (dark red, Fig. 2B). Highest yields are calculated for basins
in North Africa (around Morocco, Algeria and Tunisia) at the
coastline, the western Asian river basins (Israel and Lebanon and
river basins in Turkey) along the coastline and river basins in
Greece, Italy. All of these river basins drain into the Mediterranean
Sea. Relatively low sewage efficiencies (0%e50%) (Fig. 2C) as well as
relatively high percentage of people connected to centralized
sewage systems (Fig. 2B) are the main reasons behind the high
yields. High yields are also calculated for rivers in southern France,
western Portugal and northern and eastern Spain, draining into the
Atlantic Ocean, as well as for the United Kingdom (particularly in
England with the Thames and other river basins, in Ireland and in
Wales). The large ranges in microplastic yields reflect the variation



Fig. 3. River export of microplastics (yields in kg km�2 year�1) as calculated for the year 2000.
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in socio-economic development, and technologies applied in
sewage treatment.

We calculate that in total 14.4 kilotonnes of microplastics were
exported from point-sources to the North Sea, Baltic Sea, Black Sea,
Mediterranean Sea and the European river basins draining into the
Atlantic Ocean in 2000 (Loads presented in Fig. 4). The total loads
differ by sea. Microplastic export (load) to the Mediterranean Sea
was 5.6 kilotonnes, to the Black Sea 4.1 kilotonnes, to the European
part of the Atlantic Ocean 2.7 kilotonnes, to the North Sea 1.1 kil-
otonnes, and to the Baltic Sea 0.9 kilotonnesmicroplastics. The high
load for the Mediterranean Sea is in line with some other studies
(Eriksen et al., 2014; Van Sebille et al., 2015).
3.3. Sources of microplastics in rivers

Tyre and road wear particles are calculated to be the largest
sources of microplastic in the European rivers, and account for 42%
of the total exported microplastic load (Fig. 4). Rivers exported 1.6
kilotonnes of TRWP to the Black Sea in the year 2000, and 2.3 kil-
otonnes to the Mediterranean Sea. River export to the Atlantic
Ocean, North Sea and the Baltic Sea amounts to 1.2 kilotonnes, 0.5
kilotonnes and 0.4 kilotonnes, respectively. This is in line with
Verschoor et al. (2016), who indicate that tyre and road wear par-
ticles are undoubtedly the largest land-based source of microplastic
inputs to surface waters. The second largest source of microplastic



Fig. 4. River export of microplastics (in kilotons per year) to the European Seas by relative point-source contribution as calculated for the year 2000.
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inputs to rivers are plastic polymer based textiles, accounting for
29% of the inputs to rivers: rivers exported 1.7 kilotonnes of
microplastic from textiles to the Mediterranean Sea, 1.2 kilotonnes
to the Black Sea in the year 2000, 0.7 kilotonnes to the Atlantic
Ocean, 0.3 kilotonnes to the North Sea and 0.3 kilotonnes to the
Baltic Sea. Synthetic polymers in household dust contribute 19% to
the total river export of microplastics, and personal care products
10%.

3.4. Comparison with measured data

Our study is a first attempt to model microplastic loads in rivers.
There are many uncertainties associated with our model setup.
Validating the model is not easy, as data on microplastics in rivers
are scarce. Moreover, also current methodologies to assess con-
centrations in rivers are surrounded with considerable uncertainty
(Kooi et al., in press). This implies that a detailed validation of the
model is not yet possible. Still we can compare some of the model
results with the available data and carefully reflect on the observed
level of consistency. Our model results for two individual rivers can
be compared with previously published estimates of microplastics
export for these rivers (Faure et al., 2015; Lechner et al., 2014; Van
der Wal et al., 2015). By applying the above mentioned Equations
(1)e(4) to the Rhone, our model calculated a microplastic export of
163 tonnes microplastics per year by the Rhone into the Mediter-
ranean Sea. Faure et al. (2015) estimated an export rate of 208
tonnes per year for the Rhone, based on upscaling concentration
samples with the downstream population increase. For the Danube,
our model calculated an export rate of 1503 tonnes per year to the
Black Sea, which compares well to the 1534 tonnes per year as
estimated by Lechner et al. (2014). Van der Wal et al. (2015)
extrapolated their results and estimates a transport of 500 tonnes
per year for the Danube. Furthermore, van der Wal estimated an
export of 120 tonnes per year for the Po (our model calculated an
export of 399 tonnes per year) and 20e30 tonnes per year for the
Rhine (105 tonnes per year calculated by our model). Evidently
more research is needed for unambiguous comparison and vali-
dation purposes, but we show a reasonable comparison to the few
measurements available with the use of reliable information as a
basis for inputs and model parameters.

3.5. Scenarios for the year 2050

Themodel results for the GO and AM scenarios for 2050 indicate
that the total calculated microplastic river export by many
European rivers from point-sources in both scenarios is lower than
in the year 2000 (up to 50% lower; Fig. 5). Exceptions are African
rivers draining into the Mediterranean Sea and scattered basins
throughout Europe, where more microplastic is exported in both
scenarios. The generally lower export is remarkable because usually
it is assumed that microplastic river export to seas is likely to in-
crease in the future (e.g., Jambeck et al., 2015). However, this
expectation is based on proportionality with increasing plastic
production and population size (Jambeck et al., 2015) and may not
apply to socio-economic and technical developments in Europe.

The scenario analysis indicates that the total point-source river
export of microplastics to European seas (load) may decrease by 1%
(AM) to 18% (GO) between 2000 and 2050. The reduction is larger
for the GO scenario that assumes a globalized world focusing on
rapid economic growth and low population growth. For the AM
scenario, where simple and economically feasible technologies are
implemented, a substantially lower reduction is calculated. There
are socio-demographic differences among the two scenarios but
the most important factor in this respect is the efficiency to remove
microplastic from sewage influent during treatment. Sewage
treatment is improving less fast in the AM scenario than in the GO
scenario. The future scenarios do not account for potential changes
in per capita inputs of microplastics. Such changesmay be driven by
changes in consumer behaviour due to increased awareness or
potential new regulations, like stricter regulations for WWTP to
increase the efficiency of filtering out microplastics during treat-
ment, or regulations to address microplastic particle emissions.
This would likely result in a further decrease in predicted export
from European rivers.

4. Conclusions

We provided the first quantitative assessment of microplastic
export by rivers on a continental scale. We do not provide a vali-
dated model that is able to predict river export of microplastics
with certainty, because this is not possible at the current level of
information. However, we provide a highly needed methodology to
assess microplastics transported by rivers to seas, which we
consider an important first step to obtain a better understanding of
the spatial patterns of plastic export to marine ecosystems.

Our study highlights the importance of improving sewage sys-
tems and sewage treatment efficiencies. This holds especially true
for the Mediterranean Sea, for which we calculate the largest
microplastic loads. The Mediterranean Sea is the only sea for which
we calculate increasing microplastic loads in the future.



Fig. 5. relative change (in %) between 2000 and 2050 in microplastics river export (load) for two scenarios, Adapting Mosaic (left) and the Global Orchestration (right). Green
colours indicate that river export of microplastics in 2050 is lower than in 2000, while yellow to red colours indicate an increase. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Our study also identifies the sources and types of microplastics
in European rivers, and their shares in the total loads. This may help
to identify effective management strategies to reduce microplastic
pollution and potential associated risks to human health and the
environment. Regardless of model uncertainty, we show that syn-
thetic polymers from tyre and road wear probably comprise the
largest source of microplastic pollution, followed by abraded plastic
based textiles containing microplastics and synthetic polymers and
plastic fibres in household dust. Microbeads in personal care
products constitute only a small part of the total microplastic river
export. This information may help to prioritize measures to reduce
pollution. It indicates that reducing microplastic inputs from car
tyre and road wear is most effective. A focus on the largest sources
may help to effectively reduce the microplastic inputs to the Eu-
ropean seas. Our estimates do not include all point sources of
microplastic in rivers and therefore may be considered minimum
estimates. Our model is based on a provisional, heuristic inventory
of microplastic data, and would be vastly improved with more and
better input data availability. Moreover, it does not include diffuse
sources, which need to be assessed in future studies when better
data are available.

Our model is the first to assess export of microplastics from land
to sea, and the first to quantify the relative contributions of sources
to this export. We consider it a first quantitative comparison and a
crucial first step for future research. Additional measures e.g.,
environmental policies and management are arguably required to
reduce plastic pollution in European seas. Furthermore, the model
output indicates that microplastics loads largely differ among rivers
as a result of different socio-economic and technological
characteristics (i.e. number of inhabitants connected to sewage
installations and efficiency to filter out microplastics). Global
modelling of microplastic as introduced with this study provides a
tool to identify these characteristics and provides a basis for sce-
nario analysis of microplastic fluxes from Europeanwastewater and
rivers.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.watres.2017.10.011.
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