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ABSTRACT: Global mitigation strategies are needed to reduce the amount Population i

of microplastics reaching our oceans via rivers. However, what strategies will il

be most effective, and when and where to implement these strategies is ygaropizstic SR
unclear. We applied the global water quality model MARINA-Plastics, sources - ,J ! N
covering 10,226 sub-basins worldwide, to assess the effects of different - L 4 &
emission reduction strategies on microplastic inputs to rivers worldwide over Vr;isat:;\::ter

the period 2010—2100, taking time steps of 10 years. We applied four - ‘
scenarios: three focused on wastewater treatment technologies, ranging from  Fyture Low | 1
high to low technology improvement levels, and one combining high Secenarios ==iment] | 1
technology in wastewater treatment with source-oriented measures. The w W -

results show that the combined strategy of high wastewater treatment and River

source-oriented measures is expected to be the most effective for reducing _
future microplastics in rivers on a global scale. By 2100, this combined

strategy is expected to result in a 68% microplastic reduction in global rivers compared to 2010. African rivers will be the main
hotspots, receiving more than five times more microplastics in 2100 than in 2010. In 2100, wear from car tires is expected to be the
dominant source of microplastics globally. Our insights support the implementation of the European Green Deal and the realization
of Sustainable Development Goal 6 (clean water).
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1. INTRODUCTION

Plastic pollution is one of the main global environmental
challenges, particularly in aquatic environments such as oceans,
rivers and streams.' ' Approximately 10% of global plastic
production ends up in the oceans.” A significant 6part of this
marine plastic pollution stems from land activities.” Rivers and
streams transport plastics from land to seas and oceans.”””
Plastics can be degraded and fragmented in terrestrial and
aquatic environments, ultimately ending up as microplastics
(MPs) in our seas and oceans.” Based on their origin, MPs are
divided into two categories: primary and secondary MPs.”' "'
Primary MPs are released directly into the environment, i.e., in
the form of MPs.>® Secondary MPs are formed in the
environment from the degradation and fragmentation of larger
plastic items after exposure to sunlight, wind, water, and other
environmental factors.”'>

MP pollution arises from point and diffuse sources.”'* Sewer
systems are typical point sources discharging MPs into rivers
originating from laundry (i.e., textile fibers), personal care
products (PCPs), household dust, and car tire wear, 51
Surface runoff, rainfall and wind are examples of diffuse sources
in aquatic environments.’ Diffuse sources are mainly
responsible for macroplastics rather than MPs.*'* However,
the majority of MPs originate from sewer effluents, which are
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considered point sources.” Therefore, this study focuses on
sewer systems (i.e., point sources) in rivers.

Many global and regional models have been developed to
simulate patterns in MP pollution."**">~"” For instance,
Schmidt et al. estimated global MP and macroplastic loads in
river catchments based on mismanaged plastic waste.'
Siegfried et al. analyzed the transport of MPs from European
rivers to the sea based on point source emissions; future trends
in MP inputs (up to 2050) were also included." The Global
Riverine Export of Microplastics into Seas (GREMIiS) model
was developed by van Wijnen et al. to quantify global MP
export to coastal seas.’ Three different scenarios were
simulated to assess future MP export by rivers. The global
Model to Assess River INputs of pollutaNts to seAs
(MARINA-Multi) was used to analyze the future trends in
inputs of multiple pollutants in 10,226 river basins worldwide,
including MPs.'"® The model included five Shared Socio-
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Figure 1. Schematic presentation of the MARINA-Plastics model. The model includes four microplastic sources and four scenarios (SL, SM, SH,

and SH*) (PCPs = personal care products).

economic Pathways (SSPs) reflecting different levels of
urbanization and wastewater treatment.'® Finally, the Model
to Assess River Inputs of pollutaNts to seAs for plastics
(MARINA-Plastics) was developed based on the MARINA-
Multi model to quantify the river export of macro- and
microplastics to seas from both point and diffuse sources
worldwide.®

MP reduction strategies have not explicitly been considered
in most MP modeling studies, except for a study with the
MARINA-Multi model that focused on the Black Sea.'” This
makes it difficult to assess whether current emission reduction
strategies are in line with the Sustainable Development Goals
(SDGs). Several approaches to reducing MP pollution exist
such as end-of-pipe and pollution prevention.””*" The end-of-
pipe approach is widely used to control effluent discharges
from wastewater treatment plants.n’23 It makes use of
wastewater treatment technologies to reduce MPs before
reaching the receiving environments, such as rivers. Besides the
end-of-pipe approach, the pollution prevention approach can
be used to reduce MP discharges into rivers.”* According to
the United States Environmental Protection Agency, pollution
prevention is defined as “the use of materials, processes or
practices that reduce or eliminate the creation of pollutants or
wastes at the source”.”> The pollution prevention approach can
be implemented through legislation, action plans and
behavioral change.zo’m’26 In this research, we make use of
the EU’s Zero Pollution Action Plan, which aims to reduce MP
release into the environment by 30% in 2030.”

The main objective of the present study was to assess the
effects of different emission reduction strategies on the MP

inputs to rivers worldwide. To this end, the MARINA-Plastics
model was applied to simulate future trends of MPs in rivers of
10,226 sub-basins over the period 2010—2100, taking time
steps of 10 years. We applied three technology-oriented
wastewater treatment scenarios, ranging from high to low
technology improvement levels and one scenario combining
high technology in wastewater treatment with source-oriented
measures.”® Hotspots of MP pollution were identified in 2010,
2030, 2050, 2070, and 2100 for each of the four scenarios.
Finally, dominant MP sources in these years were identified for
one scenario as an illustrative example.

2. MATERIALS AND METHODS

2.1. MARINA-Plastics Model. We used the MARINA-
Plastics model to estimate MP inputs in rivers of 10,226 sub-
basins from point sources between 2010 and 2100.° The
MARINA-Plastics model is capable of quantifying both point
and diffuse sources in 10,226 sub-basins covering 187
countries (Table S1).° However, we focus only on point
sources, which come from sewer systems discharging MPs
originating from laundry, car tires, household dust and
personal care products. These inputs depend on the removal
efficiencies during treatment.'® We also incorporated four
scenarios into the model to explore future MP inputs in global
rivers (see details below). The schematic presentation of the
MARINA-Plastics model is shown in Figure 1.

The MARINA-Plastics model requires three main inputs:
the population connected to the sewer system, consumption
rates of MPs, and removal efficiencies of MPs during
wastewater treatment (Tables S2—S4).° First, sewer systems
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Table 1. Differences between the MARINA-Plastics Model and the Updated Version of the MARINA-Plastics Model (This

Research)”

The current version  The updated version of the
of the MARINA-plastics model
MARINA-plastics' > in this research

Years 2010, 2050, and 2100 2010, 2020, 2030, 2040,
2050, 2060, 2070, 2080,
2090 and 2100

Difference

Scenarios SSP2-RCP2.6 as part  Four variations of SSP2:
of the SL, SM, SH, SH*
multipollutant
assessment

Treatment Primary, secondary, Primary, secondary,

levels tertiary tertiary and quaternary

Explanations

The MARINA-Plastics model focused on the current plastic export. This research adds the
model for more years with updated methodology for the treatment removals: 2010, 2020,
2030, 2040, 2050, 2060, 2070, 2080, 2090 and 2100

The MARINA-Plastics model does not include four variations of SSP2 specifically for
microplastics (SL, SM, SH, SH")

The MARINA-Plastics model considers primary, secondary and tertiary wastewater treatment
levels. This research adds the quaternary treatment as an additional treatment level®*

“The SL, SM, SH, and SH" represent the Shared Socioeconomic Pathway 2 low, moderate, high and high plus scenarios, respectively.

Table 2. Scenario Descriptions and Features”

Scenario features SL SM SH SH*

Approach End-of-pipe End-of-pipe End-of-pipe End-of-pipe and
pollution
prevention

Strategies for microplastic reduction Continuing future Middle High Combined (high

trends just as a improvement in improvement in improvement in
past trend (TO) treatment treatment technology (TO)
technology (TO) technology (TO) and reducing

Gross domestic product (GDP)

Human development index (HDI)

Total population

Population connected to the sewer system

Improvement in wastewater treatment

Reduction of the consumption rates of
microplastic

microplastic at the
source (SO)

Low Moderate High

No change

“Approaches and microplastic strategies are explained in the text. The SL, SM, SH, and SH" represent the Shared Socioeconomic Pathway 2 low,
moderate, high and high plus scenarios, respectively. TO and SO stand for technology-oriented and source-oriented strategies, respectively. Source:

European Commission, Strokal et al., and van Puijenbroek et al.

are described as the collection of wastewater from houses (MP
from personal care products, household dust and laundry
fibers) and streets (MP from car tires).® The population
numbers were derived from the global 0.125° cell database of
Jones and O’Neill.”> We aggregated the population between
2010 and 2100 from 0.125° cells to 0.5° cells (Table S4). The
fractions of urban and rural populations connected to sewer
systems based on different scenarios were available from van
Puijenbroek et al. by country over the period 2010—2100,
taking time steps of 10 years.”® Second, consumption rates of
PCPs, laundry fibers and household dust were directly derived
from Siegfried et al." The approach for consumption rates of
car tires presented by Siegfried et al. was modified by Strokal et
al, distinguishing between developing countries (Human
Development Index (HDI) < 0.785) and developed countries
(HDI > 0.785) (details are in Strokal et al.).”’ Finally, the

removal efficiency of MPs during wastewater treatment was
derived from the approach of Siegfried et al,, relating average
phosphorus removal in a watershed to MP removal (Table
S4)." Strokal et al. used the known phosphorus removal rate to
assume the removal of MPs.’® The removal efficiencies do not
differ between years. Further details about how model inputs
are derived are presented in Supporting Tables S2—S4.

This paper follows the approach in the MARINA-Plastics
model calculating river export of MP from the sewer system.’
This is calculated as follows

RS

sew.j — Popsew.]'.WShVVc:ap.j'(l - hwfrem.j) (1)
where RS, is the MP input to rivers in sub-basin j from
sewer systems (kg/year); Pop.,; is the population with sewer

connection in sub-basin j (people/year); WShw,,,; is the
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Figure 2. (a) Total microplastic inputs (kton microplastic year™') to the world’s rivers in four scenarios over the period 2010—2100, time steps of
10 years. Each line represents a scenario. (b) The change in microplastic inputs to global rivers in four scenarios over the period 2010—2100, time
steps of 10 years (%). The SL, SM, SH, and SH" represent the Shared Socioeconomic Pathway 2 low, moderate, high and high plus scenarios,

respectively.

consumption rate of microplastics per capita in sub-basin j
(kg/cap/year, Table S4); hW,r,; is the removal fraction of
microplastics during the wastewater treatment in sub-basin j
(0—1, Table S4.e).

In this research, we enhanced the original MARINA-Plastics
model by incorporating a new wastewater treatment level,
called quaternary, which improved the calculation of the
averaged removal fractions for MPs. While the original model
included three treatment levels, our version adds this
additional level to estimate future MP inputs to rivers from
treatment facilities.” In addition, we expanded the model’s
application in two ways. First, we extended the model to
estimate MP inputs into rivers over the 21st century (2010—
2100) using 10-year time steps with our updated methodology
for the treatment removals. Many existing studies on the
MARINA models focused either only on 2050 and 2100,"'**"
as two snapshot years for the 2lIst century or used the
methodology for treatment that did not consider the
quaternary treatment, which may underestimate the treatment
efficiencies in some sub-basins."® Second, four new scenarios
based upon the Shared Socioeconomic Pathway 2 (SSP2) were
integrated into the MARINA-Plastics model (see details
below). These scenarios help to project future MP inputs in
rivers worldwide (Table 1).

2.2. Scenarios. As a baseline scenario, this paper applies
SSP2, which defines a narrative following the current social,

economic and technological trends based on historical
patterns.®” In the SSP2, known as the middle of the road
scenario, global population growth and technological develop-
ment are moderate.”””’ Socioeconomic challenges for
mitigation and adaptation are intermediate.’” This study
focuses on four variations of the SSP2: SSP2 low (SL), SSP2
moderate (SM), SSP2 high (SH) and SSP2 high plus (SH")
(Table 2). The development of socioeconomic parameters in
these scenarios, such as population size, gross domestic
product (GDP) and the human development index (HDI),
is the same as in SSP2** (Table 2).

Though the SL, SM, and SH scenarios follow the same end-
of-pipe approach, the scenarios have different improvement
levels for wastewater treatment (Table 2). The SL scenario has
the lowest improvement level; it assumes the trend between
1970 and 2015 continues in the future. The SM scenario
follows the SSP2 narrative, resulting in a middle improvement
level. The SH scenario has the highest improvement level in
wastewater treatment technologies.”* Finally, the SH* scenario
is the most optimistic, combining both the end-of-pipe and
pollution prevention at the source approaches. The SH*
scenario, built upon SH, integrates a 30% reduction in MP
at the source, aligning with the EU Zero Pollution Action
Plan.”” The plan’s implementation assumes countries,
categorized by HDI, will achieve a 30% MP reduction by
specific future years, determined by HDI quartiles® (Figure S1
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Figure 3. (a) Microplastic pollution in rivers (kton microplastic km™ year™) in 2010 in rivers of 10,226 sub-basins. (b) The changes in
microplastic pollution (%) in 10,226 sub-basins according to the four scenarios between 2030 and 2050 compared to 2010. (c) The changes in
microplastic pollution (%) in 10,226 sub-basins according to the four scenarios between 2070 and 2100 compared to 2010. The SL, SM, SH, and
SH* represent the Shared Socioeconomic Pathway 2 low, moderate, high and high plus scenarios, respectively.
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and white numbers in the bar chart show microplastic inputs (kton per year) from different sources to global rivers in four scenarios in 2010, 2050,
2070, and 2100. The SL, SM, SH, and SH" represent the Shared Socioeconomic Pathway 2 low, moderate, high and high plus scenarios,

respectively. PCP represents personal care product.

and Table S$4). For example, a country with an HDI between
0.55 and 0.62 is expected to reach the MP reduction target by
2040, maintaining a 30% reduction thereafter. In essence, we
assume the consumption rate of MPs will decrease in the
future in accordance with each country’s HDI. The selection of
target years (2040, 2060, 2070) was arbitrary.

3. RESULTS

3.1. Global Future Trends in Microplastic Inputs to
Rivers. Globally, over 400 kton of MPs were estimated to
enter rivers from sewer systems in 2010 (Figure 2a). Between
2010 and 2100, MP inputs to rivers in the SH* scenario are
projected to be lower than those in the SL, SM, and SH
scenarios, because of the higher removal efficiency and lower
consumption rate of MPs in the SH* scenario (Figure S2 and
Table S4). This highlights the effectiveness of combining the
high removal fractions during the treatment and source-
oriented measures to reduce future MPs in global rivers
(Figure 2).

In 2030, MP inputs into rivers in the SL, SM, and SH
scenarios are projected to slightly increase compared to 2010
(Figure 2a). This trend is expected to continue until 2050, with
an increase of more than 50% as the population with sewer
connections is projected to increase by 2-fold in these
scenarios (Figures 2b and S3). By 2070, MP inputs into rivers
in SL, SM, and SH scenarios are expected to increase by more
than 65% compared to 2010 because of an increase in the
population connected to the sewer systems (Figures 2b and
S3). Population growth with sewer connections is expected to
outpace improvements in wastewater treatment efficiencies by
2070, leading to higher MP emissions into rivers in those
scenarios For example, the population connected to sewer
systems in the SL scenario is projected to more than double by

2070 compared to 2010, whereas removal fractions during
wastewater treatment is expected to increase by only 22%
(Figures S2 and S3).

In 2100, the combined strategy (the SH* scenario) is
projected to reduce MP inputs in global rivers by 68%
compared to 2010 (Figure 2b) because of more countries
reaching the 30% reduction target in the SH' scenario.
However, the SL and SM scenarios are projected to show an
increasing trend of 85 and 44%, respectively (Figure 2b). From
2070 to 2090, MP in rivers globally is projected to continue
increasing in the SL and SM scenarios (Figure 2a). This
increasing trend is driven by the growing population connected
to sewer systems (around 10% increase during 2070—2090,
Figure S3). But this pollution trend is expected to shift from
increase to decrease between 2090 and 2100 (Figure 2a).
Improvements in wastewater treatment efficiencies are
projected to outpace population growth with sewer con-
nections between 2090 and 2100, causing a decrease in MP
inputs into rivers in the four scenarios.

3.2. Hotspot Areas in Microplastic Inputs to Rivers. In
2010, Asia was the main hotspot area for global MP pollution
in rivers (Figure 3a). Many sub-basins in Southeast Asia
received MP inputs of more than 5 kg km™ year™" in 2010.
This high input of MP in rivers resulted from low removal
fractions during treatment and more population connected to
the sewer systems in Asia, amounting to approximately 670
million people in 2010 (Figures S3 and SS). In addition, MP
inputs of more than 2 kg km™ year™' entered some rivers in
Europe and the southern regions of North America (Figure
3a). This is explained by the high population connected to the
sewer systems in Europe and these regions of North America
(Figure SS).
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Figure S. (a) Dominant microplastic sources in 10,226 sub-basins in 2010. (b) The dominant microplastic source in the SH* scenario in 2030,
2050, 2070, and 2100 is presented as an illustrative example. The SH* represents the Shared Socioeconomic Pathway 2 high plus scenario.

In 2030, many African and South Asian rivers are projected
to receive more than double MP inputs compared to 2010 in
the four scenarios (Figure 3b). This increasing trend is
expected to continue until 2050, mainly because of the high
population with sewer connections in these regions (Figure
S5). In 2050, MP inputs in rivers in SL and SM scenarios are
projected to be higher than in the SH scenario in some sub-
basins, such as those in South Asia and the Far East (Figure
3b). This is because population growth connected to the sewer
systems is projected to outpace improvement in sewer
treatment. However, many European and American rivers are
projected to show a decreasing trend in the SH" scenario in
2050 since more countries are expected to reach the 30%
reduction target in these regions (Figure 3b).

In 2070, African rivers are expected to become the main
hotspots in MP pollution (Figure 3c). In many African rivers,
neither the combined strategy nor the technology-oriented
strategy is projected to reduce MP inputs in 2070 (Figure 3c).
This is associated with both the low removal fractions of MPs
during treatment in Africa and the high African population
connected to the sewer systems, projected to grow by at least
8-fold between 2010 and 2070 across all four scenarios
(Figures S4 and SS). Besides Africa, some Southeast Asian
rivers are projected to have more than double MP inputs in all
scenarios, because of an increase in population with sewer
connections in 2070 (Figures 3c and S5).

In 2100, many African rivers are expected to receive more
than 5-fold MP inputs compared to 2010 in the four scenarios
(Figure 3c). In the SL, SM, and SH scenarios, only a few sub-
basins in Africa are projected to reduce MPs by 2100. For the
other sub-basins, MP in rivers is projected to increase due to
both increasing African population with sewer connections (at
least 13 times higher) and low removal fractions during
wastewater treatment in 2100 (Figures S4 and SS). However,

more African sub-basins in the SH* scenario are expected to
exist to reduce MP inputs in 2100 than in 2010 (Figure 3c).
Similarly, MP inputs to South Asian rivers in the SH* scenario
are projected to reduce in 2100 because more African and
South Asian countries are expected to reach the 30% reduction
target (Figure 3¢).

3.3. Dominant Microplastic Sources in Rivers. In 2010,
laundry fibers were the dominant MP source worldwide,
responsible for over half of the global MP pollution in rivers,
amounting to 219 kton (Figure 4). This is attributed to the
higher consumption rate of laundry fibers compared to other
MP sources, such as PCPs and household dust (Table S4).
Almost all rivers received MP primarily from laundry fibers in
2010 (Figure Sa). In addition, household dust was a significant
source of MP, contributing approximately 36% on a global
scale, equivalent to 146 kton, but it was not the dominant MP
source in sub-basins (Figures 4 and Sa).

In 2050, laundry fibers are still projected to be a dominant
source of MP in the four scenarios (Figure 4). MP inputs into
rivers from all sources are expected to increase in the SL, SM
and SH scenarios compared to 2010. However, in the SH*
scenario, only MP inputs originating from car tires are
projected to increase in 2050 than in 2010. In many sub-
basins in Europe and North America, the dominant MP source
in rivers is projected to shift from laundry fibers to car tires by
2050 in the SH* scenario (Figure Sb). This is attributed to the
expected significant rise in the number of developed countries
(HDI > 0.785) in these regions by 2050 compared to 2010,
leading to an increase in the number of cars on the road and,
consequently, greater MP production from car tires.

By 2070, dramatic differences are not expected in dominant
MP sources between the four scenarios (Figure 4). Laundry
fibers are projected to remain the main MP source in all
scenarios by more or less 50%, similar to 2010. Nevertheless,
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the share of car tires in the SH' scenario is projected to
increase slightly in 2070 compared to 2010 globally. Australian,
European and North American rivers are projected to be
polluted by MP, primarily arising from car tires in 2070 in the
SH* scenario (Figure Sb). This is due to the higher number of
developed countries in 2070, causing greater MP production
from car tires.

In 2100, car tires are expected to be the dominant MP
source globally (Figure 4). In all scenarios, global MP pollution
in rivers originating from car tires is expected to increase
significantly in 2100 compared to 2010. In the SH* scenario,
car tires are expected to account for approximately 75% of MP
pollution, equivalent to 124 kton. Meanwhile, contributions
from laundry fibers, household dust and PCPs are projected to
decrease significantly than in 2010 (Figure 4). Except for some
African and Asian rivers, the world’s rivers are projected to be
dominated by MP inputs from car tires in 2100 in the SH*
scenario (Figure Sb). This is explained by the increase in the
number of developed countries in 2100 than in 2010, thereby
leading to a higher production of MPs from car tires as a result
of the use of more cars.

4. DISCUSSION

4.1. Model Limitations. Our model does not account for
the diffuse sources resulting from the degradation of
macroplastics into MPs.”****” While the MARINA-Plastics
model includes diffuse sources, our study specifically focuses
on point sources (i.e., sewer effluents). This focus is justified,
as sewer systems are responsible for more than 80% of MP
pollution in rivers globally.6 Li et al. emphasized that sewer
effluents are the major sources of MP in Chinese rivers,
whereas diffuse sources such as agricultural ]plastic mulching
are mainly responsible for macroplastics.”'* Macroplastics
from mismanaged solid waste may become the secondary
source of MPs in some rivers of Africa and Asia as shown in
Strokal et al.® For those rivers, we may underestimate river
pollution levels. Since our study is concerned solely with MPs,
we concentrated on sewer systems as the main point source at
a larger scale. Additionally, other MP source types, such as
airborne MPs, aquaculture, fisheries, ships, and nurdles (i.e.,
plastic pellets), were not included.’*™** Thus, this limitation
can lead to an underestimation of our results in some sub-
basins where those activities are dominant.

Another limitation relates to factors that may affect MP
pollution levels in rivers. Examples include surface runoff,
atmospheric deposition and MP retentions in rivers.”*' ~** Our
model does not account for these factors due to limited data.
For example, runoff may transport MPs into surface waters, but
data on surface runoff on a global scale are limited."* As a
result, our results may underestimate the true MP input into
rivers.

4.2. Scenario Limitations. The SH* scenario has some
assumptions for target years (Figure S1). The Zero Pollution
Action Plan justifies assuming a 30% reduction in MPs released
into the environment by 2030 for countries with an HDI
exceeding 0.62°” (Figure S1). However, the goals for other
years (2040, 2060 and 2070) are arbitrary. Nevertheless, the
impact of this assumption on our results is limited because MP
inputs to rivers in the SH* scenario are expected to be much
less than in other scenarios in the future (Figure 2).
Furthermore, we extrapolated the Zero Pollution Action
Plan, which is applicable to European Union (EU) countries
on a global scale. Nevertheless, non-European Union countries

such as China and Turkey have targets and policies to mitigate
MP pollution, similar to the Zero Pollution Action Plan.*”">*
Hence, we believe this assumption is not unrealistic.

4.3. Comparison with Other Studies. Jones et al. noted
that wastewater treatment improvements are insufficient to
meet the SDGs in many world regions.”” Our research also
concluded that wastewater treatment technology-oriented
strategies may not be sufficient to reduce MP inputs in rivers
of many sub-basins because sewer connections outpace the
efficiency of MP removal in wastewater treatment plants
(Section 3). In addition, Strokal et al. projected a substantial
increase in MP pollution in African rivers in the 21st century
compared to 2010, indicating a potential failure to achieve the
SDGs.'® Similarly, a recent study stated that Sub-Saharan
Africa will be the hotspot of surface water pollution in the
future globally.*® van Wijnen et al. also underlined that the
export of MPs to coastal seas dramatically increases in Africa
when taking into account three MP sources (car tire, laundry
and personal care products).” Consistently, our study high-
lighted that MP pollution in African rivers is expected to
increase in 2100 compared to 2010 (Section 3). However, our
study includes more sources and additional future scenarios to
predict MP inputs in global rivers.

Meijer et al. revealed a significant relationship between MP
inputs into rivers and population density.” Our results are in
line with Meijer et al. because the main drivers in our model
are the population connected to the sewer system and removal
fractions during wastewater treatment (Section 2). The
population connected to the sewer system is also associated
with population density. Mai et al. stated that Asian rivers are
the main sources of plastic outflows, though this study focused
on both MP and macroplastics.” Similarly Lebreton et al.
concluded that Asia is the main contributor to global plastic
emissions into the seas, which aligns with our results'®
(Section 3). Nevertheless, the main difference in the
estimation of MP inputs between our results and Lebreton
et al. is that we focus on MPs, whereas Lebreton et al. focus on
MPs as well as macroplastics. Siegfried et al. pointed out the
remarkable contribution of car tires to MP pollution, which
aligns with our findings, particularly regarding future MP
pollution (Section 3)." While Siegfried et al. only focused
exclusively on European seas for the years 2000 and 2050, our
study analyzes global rivers between 2010 and 2100, taking
time steps of 10 years.

Additionally, we conducted an analysis of the minimum,
average, and maximum global MP inputs for sub-basins in the
four scenarios between 2010 and 2100 (Table SS). Although
the minimum values did not change significantly between
scenarios from 2010 to 2100, the average values were
consistent with global MP inputs to rivers (Figure 2). This
consistency suggests our model reflects general trends in MP
pollution. The maximum values, however, showed substantial
variation, highlighting the potential for extreme cases of MP
pollution in different scenarios (Table S5). This analysis
emphasized the importance of considering different scenarios
when predicting future MP pollution levels. The variation in
maximum values underscores the need for targeted strategies
to mitigate extreme cases of MP pollution. By understanding
the range of possible outcomes, policymakers can better
prepare for and address the challenges of MP inputs in rivers.

4.4. Sewer Connection and Treatment Effects on MP
Pollution. In addition to the population growth, our results
are also driven by the following two factors: (1) the population
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Figure 6. Boxplots for the population connected to sewer systems (million people per year) in (a) Africa, (b) Asia, (c) Australia, (d) Europe, (e)
North America, and (f) South America over the four scenarios and among the four groups of MP inputs into rivers in 2100. The “X” marker
represents the mean of removal fractions (0—1) over the sub-basins. The four groups were defined based on quantile intervals of MP inputs to
rivers in all sub-basins in 2100: group I (0—25%), group II (25—50%), group III (50—75%), and group IV (75—100%).
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connected to sewer systems and (2) the removal fractions of
MP during wastewater treatment. These two factors are
spatially explicit and differ among the studied 10,226 sub-
basins. For example, when the population connected to sewer
systems increases, MP inputs into rivers may also increase.
Conversely, improvements in treatment efficiencies are
expected to increase removal fractions of MP during treatment
and thus remove a larger proportion of MPs from wastewater.
This may result in lower MP inputs into rivers from sewer
systems.

We analyzed the interplay between the projected population
with sewer connectivity and removal fractions of MPs during
treatment. This analysis was conducted over the six continents
under the four scenarios for the year 2100. For this, we first
categorized sub-basins into four groups based on quantile
intervals (25, 50, 75%) of projected MP inputs into rivers,
defining them as follows: group I (0—25%), group II (25—
50%), group III (50—75%), and group IV (75—100%, river
pollution hotspot with high MP inputs compared to the other
sub-basins). Next, we plotted the mean removal fractions over
sub-basins, along with the population connected to sewer
systems, segmented by these four groups (Figure 6).

The analysis indicates that MP inputs into rivers in hotspot
sub-basins (group IV) are projected to increase more
substantially than in the other three groups in Africa, Asia,
Europe, and South America in 2100, primarily due to the
expected increase in populations connected to the sewer
systems within these regions. Hotspots exhibit higher median
values and greater variability, suggesting that more people are
expected to be connected to sewer systems in these areas.
Additionally, MP removal efficiencies in these hotspots are
projected to be lower compared to other groups (Figure 6).
This analysis underscores the critical influence of these two
driving factors in shaping MP pollution levels in rivers,
consistent with our findings (see Section 3).

4.5. Contribution to Policy. The results may help
policymakers in two ways. First, they can help determine
when to focus on source-oriented or/and treatment technol-
ogy-oriented strategies for MP reduction in a basin in the
future. For example, African rivers are expected to receive more
than S-fold MPs in 2100 than in 2010 (Figure 3). This is a
result of projected increases in population and rapid urban-
ization in the future. This message is a warning signal for
African policy-makers to develop water pollution control
strategies to avoid future pollution from increasing population
and urbanization. However, there are challenges associated
with the practical implementation of these strategies. Source-
oriented strategies are related to environmental behaviors,
education, awareness, habits etc.*”*° While these changes may
require significant effort, their effects can be observed relatively
quickly. For instance, MP emission to European rivers is
expected to be much lower in the SH* in 2030 than in 2010
(Figure 3). Therefore, European policymakers may prioritize
source-oriented strategies to significantly reduce MPs in 2030.
Conversely, the effects of treatment technology-oriented
strategies cannot be seen in the near future since population
growth with sewer connections is expected to outpace
improvements in wastewater treatment efficiencies (Figure
3). For instance, no significant difference in MP inputs into
rivers is expected between the SL and SH scenarios by 2030.
However, MP inputs by 2100 are projected to be much lower
in the SH scenario than in the SL scenario (Figures 2a and
3b,3¢), indicating that treatment technology-oriented strategies

are more effective as long-term solutions for reducing MP
inputs into rivers globally. As a result, insights from our study
can help policymakers prioritize reduction strategies for
combating MPs in rivers.

Second, our study provides insight into which MP sources
may lead to more pollution in the future. By presenting future
MP pollution based on different sources, we aim to facilitate
the identification of dominant sources in sub-basins (Figure
5a). Since resources are limited in the real world, it is crucial to
understand which MP source is most abundant in a basin. For
instance, European policymakers may prioritize reducing MP
originating from car tires by 2050, since MP inputs from car
tires are expected to be the dominant MP source in Europe by
then (Figure Sb). In addition, wear from car tires is expected to
be the dominant source of MPs globally in the future. This
could encourage science to make innovations for nonplastic
materials to minimize the impact of car tire wear on MP inputs
in rivers.

Our results contribute to achieving SDG6 by demonstrating
that reducing MP pollution in rivers directly supports clean
water and sanitation efforts. Our scenarios are useful for
exploring the impacts of combined wastewater treatment levels
and the population with sewer connections on future MP
emissions into rivers. For instance, increased sewer con-
nectivity in combination with improved treatment, as shown in
our scenarios, directly contributes to SDG6.1. Additionally, the
SH and SH' scenarios illustrate how the high treatment
technologies lead to considerable reductions in MP pollution,
thereby improving ambient water quality in alignment with
SDG6.3. These findings underscore the value of implementing
combined wastewater treatment and sewer connections to
effectively combat MPs in rivers both in the short and long-
term, aligned with SDG6.

To conclude, the results show that the combined strategy
(high wastewater treatment and source-oriented measures) is
expected to be the most effective for reducing future MPs in
rivers on a global scale. By 2100, this combined strategy is
projected to result in a 68% MP reduction compared to 2010
globally. African rivers will be the main hotspots, receiving
more than five times more MPs in 2100 than in 2010. In 2100,
car tire wear is expected to be the dominant source of MPs
globally. Our insights can support the implementation of the
European Green Deal and the realization of Sustainable
Development Goal 6 (clean water).
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