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ABSTRACT

Context. Marine litter is a growing global problem that impacts biodiversity and human societies
alike. South-east Asia suffers significant impacts due to high biodiversity, dense human populations, and
large volumes of plastics entering the marine environment, primarily through rivers. Aims. Drawing
on decision-theory principles, Structured Decision Making (SDM) can improve site selection for
marine debris management by identifying the best options to reduce plastic exposure to species,
ecosystems, and human populations in the marine and coastal environment, as well as an overall
reduction of drifting plastic debris in the open ocean. Methods. We combine an SDM framework
with a plastic transport model and quantify benefits for environmental and social objectives across
542 locations covering 683 rivers along the coasts of south-east Asia in the biodiversity hotspot of
the Coral Triangle. We modelled and quantified metrics for the reduction in volume and flow of
plastics to all downstream coral reefs, key biodiversity areas, marine protected areas, and coastal
communities. Key results. No location is the best option across all objectives, but the multiple
metrics help to navigate trade-offs across specific objectives. Despite 95% of all plastic debris
remaining in circulation in the seascape after 2 months, several rivers contribute not only large
volumes of plastic debris to the overall marine pollution but also large volumes of pollution
downstream. Conclusions. The increasing pollution of the marine environment with plastic
debris can only be stopped by regulating and reducing the production of plastic products. However,
as long as plastic debris is still circulating in the environment, the identification of these locations
where the removal of plastic pollution will deliver the best outcomes for a set of important objectives
will remain an important mitigation measure. The proposed framework effectively facilitates
understanding existing trade-offs and can easily be adapted to include additional metrics or objectives.
Using this framework enables decision-makers to develop a tailor-made prioritisation process for
clean-up interventions in their unique socio-ecological contexts. Implications. This new decision-
science approach for identifying efficient spatial management strategies for plastic clean-up is
transferable to any geography and has the capacity to enhance local-to-global plastic management.

Keywords: clean-up intervention, conservation planning, Coral Triangle, marine debris, plastic pollution,
plastic transport model, river pollution, site selection, South-East Asia, Structured Decision Making.

Introduction

Plastic debris in the aquatic environment is a growing global problem. The current levels of
financial costs of marine debris to national economies are significant and create an urgent
need to find ways to reduce the impact of plastic pollution (McIlgorm et al. 2020). Damages
from marine plastic to the economies across the Asia-Pacific have risen from an estimated
USD1.3 billion in 2009 to USD10.8 billion in 2015 (MclIlgorm et al. 2020). Losses of
ecosystem services linked to marine plastic debris are estimated to be around 1-5% per
year, which translates to USD3300-33,000 per tonne of debris, or USD500-2500 billion
per year (Beaumont et al. 2019).

Plastic debris has been detected at every depth, from the surface down to the sediments
of rivers and oceans (Williams and Simmons 1997; Cable et al. 2017; Lebreton et al. 2017;
Bauer-Civiello et al. 2019; Choy et al. 2019; Barrett et al. 2020). Plastic debris entering the


https://orcid.org/0000-0003-2119-0440
mailto:jutta.beher@gmail.com
https://doi.org/10.1071/PC24057
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.publish.csiro.au/pc
https://www.publish.csiro.au/
https://doi.org/10.1071/PC24057

J. Beher et al.

Pacific Conservation Biology 31 (2025) PC24057

sea generally consists of a mix of micro and macro debris, with
all pieces degrading over time (Chubarenko et al. 2020). All
size classes of marine debris have the potential to interact
with species and ecosystems, including injury and death
(Wright et al. 2013; Fossi et al. 2014; Hall et al. 2015; Wilcox
et al. 2015; Horton et al. 2017; Avery-Gomm et al. 2018a,
2018b; Lamb et al. 2018; Duncan et al. 2021; Pinheiro et al.
2023). In addition to the direct impact of plastic debris, there
is arange of indirect impacts on ecosystems and species (Rech
et al. 2018a, 2018b; MacLeod et al. 2021), and social values,
including ecosystem services and human health (Beaumont
etal. 2019; Campbell et al. 2019; Ragusa et al. 2021; Danopoulos
et al. 2022).

Plastic production and pollution caused by mismanaged
waste are projected to increase dramatically by 2030,
resulting in over 6.3 billion tonnes of plastic waste being
produced (Borrelle et al. 2020). Of the 20 million tonnes of
plastic debris currently entering aquatic systems annually,
1.15-2.41 million tonnes enter through river systems (Lebreton
et al. 2017; Borrelle et al. 2020). Active waste removal will
remain essential to mitigate the impact of plastic debris leaking
existing waste management streams into terrestrial and aquatic
environments. However, there are limited resources to
implement plastic waste removal, so understanding where the
most effective places are to deploy removal efforts is essential.

Many studies quantify the volume of plastic debris that
enters the aquatic environment (Geyer et al. 2017; Lebreton
et al. 2017; Borrelle et al. 2020) and identify where it
accumulates within the water column (Reisser et al. 2015;
van Sebille et al. 2015; Hardesty et al. 2017; van Sebille et al.
2020). Other studies address the processes of prioritising the
locations to remove large volumes of debris from the open
ocean most efficiently (Sherman and van Sebille 2016).
However, understanding the pathways from the source to the
downstream sites where pollution impacts biodiversity and
society is an emerging important field of research (Tessnow-von
Wysocki et al. 2023). Despite promising first publications
(Compa et al. 2019; Critchell et al. 2019), much more work is
needed to include all relevant components of the problem. To
better manage the plastic problem, we need the capacity to
predict the entire plastic pathway, from the source of plastic
debris entering the environment to the various downstream
habitat destinations where the ecological and social impacts
arise. Currently, no framework exists to quantify the predicted
inflow of plastic debris to specific habitats downstream of the
source of debris when selecting places for clean-up actions.

National governments, non-governmental organisations
(NGOs) and local communities need to identify locations
where the removal of plastic debris is feasible but also where
the investment of time and budget are well justified. In many
regions, thousands of locations can be selected for clean-up
activities across the considered seascape. Assessing them all
in detail is not possible and often, specific criteria are used
to narrow down the options in a strategic way. Most plastic
removal projects base their clean-up site selection on local

characteristics, such as the existing volume of debris, the
likelihood of waste mismanagement, local economies, and the
level of support and motivation of local government (for
example, https://plasticbank.com, https://theoceancleanup.
com, https://ghostdiver.com, https://oceanconservancy.org/
trash-free-seas/international-coastal-cleanup, https://seabin
project.com, https://cleancurrentscoalition.org, https://www.
tangaroablue.org, https://marinedebris.noaa.gov/our-work/
prevention, https://cleancurrentscoalition.org).

Unfortunately, none of these efforts use a formal prioritisa-
tion process based on sound decision-theory criteria and
therefore lack the ability to consider the trade-offs between
different objectives. A strategic site selection process that
draws on insight from decision science can maximise positive
outcomes for the environment and communities while
minimising costs (time and money spent). A well designed
site selection process can also capitalise on spatially explicit
planning, robust decision science, and transparent risk
analysis (Burgman 2005; Moilanen et al. 2006; Sarkar 2012;
Widis et al. 2015; Sherman and van Sebille 2016).

The framework of Structured Decision Making (SDM)
(Gregory et al. 2012) has been developed to guide difficult
decisions for environmental management and addresses
many shortcomings of ad hoc prioritisation procedures (Game
et al. 2013). The framework is also one important strategy to
overcome the barrier of uncertainty when trying to inform
policy (Rose et al. 2019), offering distinct steps that provide
a transparent process of value-driven prioritisation (Fig. 1).
In this paper, we apply SDM and spatially-explicit plastic
debris modelling to achieve three main objectives:

1. Demonstrate the power and utility of Structured Decision
Making in aiding in the marine plastic debris problem,

Clarify the
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Fig. 1. Structured Decision Making follows a stepwise planning
strategy with the potential to feed gained insights back into future
decisions of the same type. Adapted from Gregory et al. (2012).
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2. Create novel and quantitative metrics for evaluating the
impact and feasibility of active debris removal, and

3. Illustrate this approach across the Southeast Asian seascape
characterised by high biodiversity, dense human popula-
tion, and high volumes of plastic pollution.

Our research provides a blueprint on how to conduct a
value-based site selection process for marine plastic mitiga-
tion in the form of clean-up interventions, including multiple
social and ecological objectives and navigating trade-offs and
co-benefits (Keeney 1992; Halpern et al. 2013).

Materials and methods

We apply the six steps of Structured Decision Making (SDM)
(Fig. 1) to the problem of prioritising sites for removing plastic
debris before it flows into the sea through clean-up interven-
tions at source rivers (Silva et al. 2021). Below, we briefly
describe each step of our application of SDM and then
provide more details in subsequent sections.

Scoping of the decision context

We expand the scope of current mitigation strategies that
focus on volume reduction through clean-ups and include a
focus on the downstream impact from specific sources. Our
study is in south-east Asia, a global hotspot for population,
pollution, and biodiversity. Over 90% of the global plastic
discharge from rivers into the ocean comes from 122 rivers,
of which the vast majority are located in this area (Lebreton
et al. 2017). South-east Asia has also been identified as a
global hotspot of oceanic plastic accumulation (Onink et al.
2021). The seascape around the Coral Triangle and the
shoreline between the Bay of Bengal and the East China Sea
(Fig. 2) is exceptionally biodiverse (Roberts et al. 2002).
The population density in Asia is higher than in other parts
of the world, and many Asian countries receive plastic imports
from the international plastic waste industry, despite an often
problematic waste management situation (Liang et al. 2021).
The combination of large volumes of debris, high population
density and high biodiversity creates the potential for high
negative impacts. Conversely, there are also significant
opportunities for interventions such as clean-ups, as well as
likely trade-offs or co-benefits between environmental and
socio-economic objectives. The UN listed the exploration of
plastic debris trajectories within the seascape as one of the
key challenges for the coming years. Furthermore, the
movement and fate of plastic debris have emerged as one of
the five most important research priorities for stakeholders
in south-east Asia, along with environmental and socio-
ecological impacts, possible solutions, description of pollution
and regional policies (Omeyer et al. 2022).

Our methods provide a quantitative overview of the key
trade-offs for possible clean-up locations, helping to navigate

the different benefits for ecological and social objectives and
the political feasibility of implementation based on the
geopolitical locations of source rivers and receiving sites
(Galaiduk et al. 2020). Intercepting debris at a place with a
small spatial footprint, like a river, is more cost-effective
than targeting debris that has already reached the ocean
(Mcllgorm et al. 2020). As a result, The Clean Currents
Coalition has launched an investment of 11 million dollars for
trialling different methods to remove debris in nine rivers
around the world (Silva et al. 2021), four of which are
located in Asia.

Communication during the scoping phase of this modelling
project validated the relevance of metrics and objectives for
agencies that plan and conduct debris removal actions
(personal communications with staff from Benioff Ocean
Initiative and associated partners).

Defining objectives and metrics for site selection of
mitigation actions

Clear and quantifiable objectives are essential for a targeted
risk reduction of exposure of plastic debris to society and
biodiversity. Candidate performance measures need to capture
two relevant aspects of impact of a hazard like plastic debris,
the type and the risk, in a clear and quantifiable way. The
hazard type includes the presence of people and biodiversity
that are susceptible to a negative impact at these sites. The
likely exposure risk accrues from the volume of plastic debris
and the passive transport routes from the river mouth to
downstream sites.

Value-based objectives

The development of all relevant objectives require the
consultation of key stakeholders in order to understand the
values that matter in the decision-making process (Keeney
1992; Gregory et al. 2012). For example, communities likely
value the onsite benefits of reduced exposure to plastic debris
in their direct vicinity. However, NGOs and governments
might also value comparing local impacts and ensuring equity
across a larger region, and considering the feasibility of clean-
up interventions as well as likely impacts downstream.

Here, we assume that the reason to mitigate marine plastic
debris is to prevent a negative impact on both biodiversity and
human society, while acknowledging that the feasibility of
local clean-up interventions will vary for technical and
political reasons. As a result, these assumptions require the
development of multiple objectives.

Biodiversity is seen as valuable for its intrinsic value as
well as its contribution to people in the form of ecosystem
services. We defined ecological value through biodiversity
and conservation-related features, such as species or habitats
that are known to suffer negative impacts from plastic debris,
in particular coral reefs, marine protected areas and key
biodiversity areas. The related objective is to reduce the
impact of plastic pollution on the currently existing features.

3
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Fig. 2.

Model domain in the Indian and Pacific Ocean. Receiving sites were delineated using

available spatial data for coral reefs, marine protected areas, key biodiversity sites, and general
coastline (UNEP-WCMC, WorldFish, World Resources Institute, The Nature Conservancy 2010;
Birdlife International 2020; UNEP-WCMC and IUCN 2021). Volumes of plastic debris in rivers
(symbolised by points) were summarised from Lebreton et al. (2017).

Demographic groups that live in polluted areas and depend
on subsistence fisheries are particularly at risk of a negative
impact of plastic debris on health and well-being. Large
parts of the population in the Coral Triangle and south-east
Asia depend highly on coral reefs (Burke 2011). Therefore,
we quantify social value using population density as a proxy
(Center For International Earth Science Information Network-
CIESIN-Columbia University 2017). The related objective is to
reduce the impact of pollution for as many people as possible.

Regarding technical and political constraints, we included
two aspects of logistics: (1) minimise the number of rivers that
would need to be cleaned to reduce the volume of inflowing
plastic debris; and (2) minimise the political complexity related
to the number of jurisdictions that are exposed to plastic
pollution from a particular source (Galaiduk et al. 2020).

Based on these assumptions, we adopt the objectives of
‘maximise the benefits (for each of the socio-economic and
environmental metrics), while minimising the constraints

4
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(feasibility-related metrics)’ to identify source rivers where
management actions and clean-ups could be implemented.
We developed multiple metrics to capture the important
nuances of these objectives.

Metrics for impact and feasibility

The contribution of clean-up actions towards our different
objectives depends on how the impact is measured. We
developed multiple metrics to capture the nuances of
site-specific impacts of different clean-up locations at the
source (Table 1). For site-specific impact downstream, two
metrics of pollution were used: reduction expressed in total
volume and expressed as a percentage. Both are needed to
make an informed choice of relative benefits that a local
clean-up intervention would provide. For example, when
comparing two options that reduce the same amount of down-
stream pollution, the percentage can inform if the difference is
likely of broader social and ecological relevance. At the same
time, when two options provide the same percent reduction at
a downstream site, the amount of volume can identify the
more valuable option. As a transparent benchmark, we
considered downstream impact within 2 months of plastic
release, acknowledging the potential long-term benefits of
reducing the volume of plastic debris at the source.

In summary, trade-offs are expected between the precent
reduction and total volume of reduction of pollution impacting
individual downstream sites, the sum of all reduction across all
downstream sites and the reduction of total plastic entering at
the source. To quantify the magnitude and type of impact that
a management action can have, and identify key trade-offs,
we investigated 14 different metrics across four objectives
(Table 1). The exact method to calculate more complex
metrics is described in section Estimate consequences of
alternative management actions in subsection Calculation of
ecological impact.

Develop realistic alternatives

Across our study area, we use all major river mouths as
potential plastic sources and management opportunities. We
only included major rivers with a minimum input of 65 tonnes
per year (Lebreton et al. 2017) to justify investment in long-
term management (Benioff Ocean Initiative 2019), which
resulted in 683 rivers in the region included in the model.
These 683 rivers are estimated to discharge 700,000 tonnes
of plastic into the ocean between June and September of
each year (Lebreton et al. 2017). These volumes and time
periods for all rivers were included in the model. For the
Rivers Ganges and Yangtze with estuaries wider than
100 km, we divided the discharge among three equidistant
points along the estuary to represent the geographic variation
in flow. In total, 542 source cells in the model domain
contained river mouths with plastic where clean-up interven-
tions could take place resulting in downstream impacts.

Table 1. Performance measures for different objectives that were
utilised to compare the impact of different actions and identify key
trade-offs.

Objective Metric Sub-objective
(habitat types)
General impact (t) Impact at source river, see Eqn 4
statistics (t) Downstream impact across all
sites, see Eqn 3
(%) Fraction of the river load that
pollutes sites across system
(n) Sites impacted by this source
(km?) Area impacted (across all sites)
(n) Sites this source is the main
source of pollution
Impact for (t) Volumetric impact downstream, Reef
en\'/iropmental see Eqn 2 KBA
objectives
MPA
Coast

(%) Reduction in pollution across sites Reef
and area, see Eqn 1 KBA
MPA
Coast
(n) Sites with reduced pollution Reef
KBA
MPA
Coast
(km?) Area with reduced pollution Reef
KBA
MPA
Coast

Impact for social  (n) Impact of a river on number of

objectives people within 8 km? vicinity
(n) River as main source of pollution
for number of people within 8 km?
vicinity

Feasibility (n) Technical feasibility: number of

source rivers with large contribution
to site pollution,
width of estuary

(n) Political feasibility: number of EEZ
impacted

KBA, key biodiversity area; MPA, marine protected area.

Estimate consequences of alternative management
actions with a plastic transport model

To quantify the consequence of clean-up intervention at all
542 locations, we calculated the 14 impact metrics aligned
with our objectives (Table 1) by tracking the passive transport
of plastic debris through ocean currents from these source
locations through the seascape. We developed a plastic transport
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model to quantify downstream impact. We provide a more
detailed description of data preparation in the Supplementary
material S1.

The model domain

The model domain (Fig. 1) was divided into a grid of
721 x 649 cells with an 8-km x 8-km resolution. We used
publicly available spatially explicit data on reefs, protected
areas and key biodiversity areas to create distinct sites of
biodiversity value within the seascape (UNEP-WCMC,
WorldFish, World Resources Institute, The Nature Conservancy
2010; Birdlife International 2020; UNEP-WCMC and IUCN
2021). Values for the area of all occurring features (coastline,
reef, marine protected area, and key biodiversity area) were
extracted for each cell, split for unique combinations of
overlap, such as individual features (for example, the area
covered by a reef), or any combination (for example, the area
covered by a reef within a protected area). Neighbouring cells
containing the same type of environmental features were
aggregated to sites with a unique ID number. We included
the general coastline in the delineation of sites as coastal
areas function as a general sink for marine debris (Martin et al.
2020; Schernewski et al. 2020). This resulted in 4444 sites that
could receive inflowing plastic debris. Of these, 617 sites
contained key biodiversity areas, 1047 protected areas, 1701
reef, 2922 coastline, and 10 sites represented the borders of
the modelled seascape. We assigned a social value to each
site by extracting gridded population density within the
boundaries of each site. We added the habitat properties and
human population of a surrounding one-cell neighbourhood
for each individual site to deal with the inherent limitation
of cell size and placement of grid cell walls. Because of these
limitations, results are not meant to be used at the scale of
individual receiving sites but need to be interpreted at a more
regional scale.

Plastic transport model

We developed a spatially explicit advection-transport
model to quantify the impact of implementing clean-up
actions at each of the 542 source rivers on pollution of the
source site itself, the ocean, or downstream sites. Our model
was based on: (1) the location of the rivers as the source of
plastic debris; (2) the downstream sites for which inflow
should be measured described in section The model domain;
(3) the volume of debris that the source rivers discharge
into the sea; (4) the characteristics of floating particles; (5)
the dates of specific release events; and (6) drift time duration.

Over 70% of the debris carried by rivers to the Asian
seascape each year gets discharged between May and October
(Lebreton et al. 2017). We released a cloud of virtual plastic
debris from each source river during each week of the months
of June, July, August, and September for each year between
2005 and 2015, matching the time frame of the published
debris data (Lebreton et al. 2017).

Following the release of the cloud of plastic debris, it was
allowed to be transported downstream by ocean currents. We

tracked the clouds of virtual plastic debris in 3-hourly time
steps through the flow field (Treml et al. 2012, 2015;
Waruszewski et al. 2018, see Supplementary material S2).
Whenever any fraction of debris released from a source
reached a receiving site, a connection between the source
and the receiving site was recorded.

Model parameters of local-scale turbulence and the
entrapment rate determined how much debris was caught
on downstream habitat patches after a minimum drift time
of 12 h to avoid overemphasis on settlement at the source
locations. The entrapment rate included any interaction
with wildlife, such as intake or entanglement, or settlement
on habitats or beaches. Each simulation was stopped
60 days after the release date, and all debris ending up on
downstream sites was tallied. We used a travelling period
of up to 60 days to identify strong short-term impacts of
pollution. A pilot run indicated travel distances over 2000 km
are possible within this time frame. All recorded connections
between source rivers and downstream sites of value within
the tracked 60 days were recorded in a connectivity matrix
and used for further analysis (see section Calculation of
ecological impact).

Due to uncertainty in the volume of plastic inflow,
entrapment rate, and the specific depth of debris in the water
column during travel time in the ocean, we performed a
simple sensitivity analysis with eight scenarios. Uncertainty
around the volume of plastic debris in the source rivers was
explored in one scenario for average and one scenario for
high model estimates (Lebreton et al. 2017). Uncertainty
around the depth of debris in the water column and the
entrapment rate is a consequence of the variety of sizes and
shapes of different items in a cloud of debris.

The uncertainty around the specific depth of plastic
particles in the water column stems from the unknown composi-
tion of different sizes and buoyancy of plastic debris items. All
size classes, from macro to nano debris, are likely to be present
in the rivers at any point in time. In addition, the composition
of different size classes will change over time as the shedding
of smaller particles is an ongoing process. Knowledge of how
particle size and shape determine the floating and mixing
behaviour of individual units of debris in the water column
can inform the choice of ocean current data at a specific
depth (Chubarenko et al. 2016; Khatmullina and Chubarenko
2019). This uncertainty was explored with two scenarios: one
using currents in the surface only (top 1 m), and a second
using the top 25 m from the HYCOM ocean circulation model
(Chassignet et al. 2007).

The uncertainty about how much debris was caught on
downstream habitat patches was explored through one
scenario assuming a higher entrapment rate of 30% per day
and one scenario with a lower likelihood of 2% plastic settle-
ment per day. The ensemble of eight scenarios produced
source-to-destination links of marine debris for every
release from every river for all weeks across all years.
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Calculation of ecological impact

Based on the output of the advection transport model
output, we calculated four metrics related to different strategies
of prioritisation of clean-up interventions at source rivers
(Eqns 1-4, Fig. 3).

1. Relative Impact (Eqn 1)
Prioritise source rivers that contribute large relative
amounts of pollution to specific receiving sites by calculating
the relative contribution this river made to the total pollution
of any specific receiving site.

Relative impact receiving site [%] =Inflow from river;
at receiving site;/
Total inflow from all
rivers;., at receiving

sitej x 100 @))

Eqn 4 = Total load from River 1

Focus on
receiving site:

Egns 1and 2 =

Contribution Total
from River 1 to pollution at

i P
—Sitel receiving
Site 1

Focus on
] source:

Egns 1and 2 =
Contribution from
River 2 to Site 1

Fig.3. Example of metrics for different strategies to reduce the impact
of plastic debris. Current mitigation planning focuses on source-centric
metrics (in blue). Our study highlights the importance of including
metrics for a specific type of impact downstream of the source of
pollution. The conceptual diagram highlights that destination-centric
metrics will rank sources based on a much smaller fraction of their total
pollution load by counting only the volume of pollution accumulating at
places of value. Each river is modelled with a specific total load of debris
(Egn 4), of which a specific fraction arrives via passive drift at a
destination site within the modelled time (Eqn 3). Most sites receive
debris from multiple rivers. Therefore, the contribution of a river to
a specific site can be calculated as the contribution in percent (Eqn 1)
or volume (Egn 2) of one source to the total inflow of pollution at
this specific receiving site.

2. Volumetric Impact (Eqn 2)
Prioritise source rivers contributing a large volume
(metric tonnes) to specific receiving sites by calculating
the contribution this river makes to the total pollution
of any specific receiving site.

Impact receiving site [t] =Inflow from river;

at receiving sitej 2)

3. Total downstream Impact (Eqn 3)
Prioritise source rivers contributing a large volume to the
total downstream pollution across all receiving sites by
summing up arrivals across all downstream sites.

Impact across all receiving sites [t] =X Inflow from
source river; across
all receiving
sites;., 3

4. Impact at source and open ocean (Eqn 4)
Prioritise source rivers with high load of debris by using
available data on loads of plastic pollution in metric tonnes.

Source river pollution [t] =1load of plastic debris of

source river; 4

We calculated each metric for the three environmental
objectives (reduce the impact on reefs, protected areas and
key biodiversity areas). For each source river, we could
identify all downstream sites with the occurrence of each
habitat type and the quantities of pollution that would
accumulate there. Based on this information, we subset and
ranked individual source sites for relative and volumetric
impacts on each habitat type.

Calculation of social impact

We expanded on the metrics for ecological impact to
calculate the expected social impact by discounting Eqns 1-3
based on the relative number of people who would benefit
from reduced exposure to pollution at each receiving site.
Population density data were derived from a 5-km x 5-km
grid of global population densities and summed up for an
8 km buffer around each receiving site. The size of the buffer
equates to an expansion of each site of one additional grid cell
into all directions, under the assumption that people in
poverty who depend most on fishing and other ecosystem
services can access the coastline within 8 km on foot on a
daily basis (Burke 2011), and people visit closer sites more
likely in their leisure time than sites that require longer
travelling. Population density was relativised to the maximum
value across sites in the seascape (240.595 people per km? at
one site). The social impact at receiving sites was calculated
by multiplying impact metrics for biodiversity at these sites
(metrics 1-3 above) by the relative population density
within 8 km.
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Feasibility related metrics

To identify which receiving sites were most feasible to
manage, we used two metrics: one related to technical
feasibility and one related to political feasibility. Regarding
technical feasibility, we assumed that the less source rivers
need to be cleaned up to reduce the inflowing plastic debris
at a receiving site to a desired level, the less infrastructure
and resources would be required to establish long-term
management for waste removal. Therefore, we used the
number of source rivers as a metric for technical feasibility.

We defined political feasibility as the trans-jurisdictional
impact of debris dispersal and measured it by overlaying the
impacted receiving sites of each source river with a map of the
world’s Exclusive Economic Zones (Flanders Marine Institute
(VLIZ), Belgium 2019). The overlay returned the number of
countries that would be involved when managing the source
of plastic debris to reduce impact at individual receiving sites,
which we used as metric for political feasibility.

We discuss the implications for regional and international
management options under the assumption that management
for polluted sites is easier when fewer rivers contribute a large
fraction of the total pollution at a receiving site and the source
is located in the same jurisdiction. For our case study, we used
the number of main pollution sources to the most polluted
downstream sites in an intermediate step for selecting the
most promising locations for clean-up interventions (see
Supplementary material S3 and S4). The number of countries
involved in planning and implementing a clean-up at relevant
sources was used as a metric in the consequence table assess-
ing the trade-offs between the selection of most promising
locations (Tables 1 and Supplementary material S3 and S4).

Summarising impact using network analysis

Most metrics needed specific parameters to be calculated,
which we produced using network analysis. Our networks
consist of a set of nodes representing source rivers and
receiving habitats or sites, and all the connections between
them representing the volume of plastic flow from sources
to destinations. Each scenario returned a set of adjacency
matrices that showed: (1) the probability of a connection
between a source node and a receiving site downstream;
and (2) the relative volume of debris that drifted from each
source to each receiving location.

The different matrices were used to create the network
model depicting the source-destination dynamics of plastic
debris across our seascape (Urban and Keitt 2001; Treml
et al. 2015). We used the package igraph (Csardi and Nepusz
2006) in the software R (R Core Team 2020) to complete all
network analysis (Fig. 3, Eqns 1-3).

The following parameters in our impact metrics were
derived from the plastic transport model (see annotated R-code
on figshare and Supplementary material for more details):

1. The probability of a connection between a source point
(river mouth) and a receiving site. A connection was

recorded whenever plastic particles from a source reached
any receiving site location. The output is an adjacency
matrix containing values for the probability of a connec-
tion. This parameter was used in the calculation for metrics
regarding downstream impact in volume and percent of
pollution.

2. The inflow of all debris from each source river to each
individual destination site in tonnes per year. This metric
was used to identify sites that receive large quantities of
debris from specific rivers. The output was an adjacency
matrix containing values for the strength of a connection.

3. The count of how many source rivers contribute to the
pollution of each receiving site. The count was produced
by summarising source locations for each receiving site
from the adjacency matrices.

For the calculation of feasibility metrics, we derived:

4. The count of how many downstream sites receive
inflowing debris from each source river. The count was
produced by summarising destinations for each source
river from the adjacency matrices.

Evaluating trade-offs to prioritise clean-up
locations

The set of impact metrics allows an evaluation of the inherent
trade-offs and co-benefits between the reduced impact on
biodiversity, reduced impact on the coastal population,
reduced inflow of debris into the ocean, and feasibility-related
characteristics of clean-up sites. In order to evaluate key
trade-offs and assess how assumptions and objectives impact
the ranking of clean-up locations, we used a consequence
table, which is a standard tool within SDM (Gregory et al.
2012). The table shows how well the alternative clean-up sites
satisfy each objective and metric, highlighting the trade-offs
across objectives. We present results from the average
modelled flow across all release events in all years, depths,
and settlement rates, for the average modelled load of
rivers and a drift time of 60 days.

Implementation and monitoring

Through the framework presented here, managers across the
seascape have the capacity to efficiently identify optimal
management actions for reducing the impact of plastics.
Although this sixth step is outside the scope of this study,
management authorities can use the provided information,
maps and concepts to understand the complexity of different
options. Once they have made a choice and implemented a
clean-up intervention at a site, they can re-enter the decision
process with new information whenever monitoring results
indicate that the expected benefits are not achieved, enabling
a more adaptive management approach.
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Results

Sixty days after entering the ocean during each release across
all source rivers, the vast majority of the 700,083 metric tonnes
of plastic debris remained adrift in the modelled seascape,
34,433 tonnes (5%) had entered receiving sites downstream,
and only 641 tonnes had drifted out of the domain. The
transport model identified 120,479 individual connections
between source rivers and downstream sites with substantial
differences in the volume of debris (Supplementary material S2
Fig. S1).

Ranking source rivers in parallel for each metric highlights
not only locations that have a high impact for individual
objectives but also those that rank high for multiple objectives.
The parallel ranking can quickly narrow down options to a
manageable quantity that deliver high impact for one or
more objectives (Supplementary material S3 and S4).

Identifying locations for high impact mitigation
actions

The parallel ranking and the comparison of the individual
metrics for sources in general and main sources for most
polluted sites in particular highlighted several sources for
which clean-up interventions could provide large benefits
for several objectives. In the following, we provide further
detail of the decision process comparing multiple criteria
for each of the following options for clean-up locations: the
Modaomen Shudao Channel and the Yangtze River in China;
the River Ganges in India and Bangladesh; the Irrawaddy
River in Myanmar; the River Song Hau in Vietnam; and the
Pasig River in the Philippines.

The Modaomen Shudao Channel in China (#146) provides
co-benefits for all objectives except for the total sum of
inflowing debris across all downstream sites. The channel
carries the third largest load of pollution in the seascape. The
three source points in the Yangtze River estuary (ID #195,
196 and 197) and the source points from the estuary of the
River Ganges (#15, #16 and #17) carry the largest volume
of plastic debris (impact at source, Eqn 4), but are not among
the most relevant rivers for coral reefs or overall contribution
to downstream pollution (Supplementary material S3).

The River Song Hau in Vietnam (#95) and Irrawaddy River
in Myanmar (#29) rank highly for all objectives except for the
total sum of inflowing debris across all downstream sites and
either Key Biodiversity Areas or Marine Protected Areas. The
Pasig River in the Philippines (#255) has the highest rank for
impacting coral reefs, both for the most polluted reef site as
well as pollution across all impacted reefs, and also ranks high
in terms of volume of debris. Coral reefs started to appear
from rank 45 of the most polluted sites (Supplementary
material S4), where a small reef of 2.4 km? within a site of
320 km? in the Philippines was polluted by an annual inflow
of 159 tonnes of plastic debris by the Pasig River draining into
the Bay of Manila. The high value of coral reefs for biodiversity

and many coastal communities can be used to justify the
inclusion of the most important source of pollution for this
ecosystem despite the lower ranking for some other objectives
(Supplementary material S3).

Mapping the trajectories of plastic debris from all source
rivers to all downstream sites shows clear geographical
patterns, with several sources standing out that impact the
seascape with large volumes of debris over larger distances
(Fig. 4). Tailor-made maps can help to understand the context
for specific objectives. For example, mapping the top 30
sources, pathways, and impacted sites for different objectives
(Tables S1 and S2 in Supplementary material S3 and S4)
highlights differences and similarities between the different
metrics (Fig. S2 Supplementary material S3) or habitat types
(Fig. S3 Supplementary material S3).

The top 30 rivers that carried the highest load of debris
(impact at source) were distributed in seven countries: the
mainland in China, Taiwan, Thailand, India, Bangladesh,
Myanmar, and the Philippines (Supplementary material S3,
Fig. S2, panel a). The 30 rivers that contributed the most to
downstream site pollution (total downstream impact across
all sites) were distributed in five countries because the rivers
with high load in India and Thailand were not contributing as
much to downstream pollution compared to several additional
rivers in China and Taiwan (Supplementary material S3,
Fig. S2b). The most polluted sites (volumetric impact) were
strongly clustered along the coast of Myanmar, Bangladesh and
China, around the three rivers with the largest loads (Ganges,
Yangtze, and Modaomen Shuidao Channel; Supplementary
material S3, Fig. S2c). In contrast, the sites with the highest
combination of pollution and human density were found
throughout the entire seascape (Supplementary material S3,
Fig. S2d), with some important sources with less total load.

The majority of the 30 most polluted sites for reefs, marine
protected areas and the general coastline were located along
China’s and north Thailand’s coast (Supplementary material S3,
Fig. S2). Important additional countries or regions were the
Philippines for reefs, key biodiversity areas and marine protected
areas, Myanmar for reefs, key biodiversity areas and marine
protected areas, the south of Thailand for reefs, Bangladesh for
all but for reefs, Myanmar for all but the general coastline, and
India for Marine protected areas (Supplementary material S3,
Fig. S3). Some sites with reefs, marine protected areas, and the
general coastline received high loads from source rivers several
hundred kilometres away. For example, #146 pollutes reefs up
and down the coastline with more than 20 tonnes of debris over
a distance of over 700 km and almost 60 tonnes over a distance of
over 200 km. River 255 has several strong connections to reef
sites with a flow between 40 and 117 tonnes.

Feasibility related metrics: discharge and benefits
by country

The Yangtze River (#196) and Modaomen Shudao Channel in
China (#146), the River Song Hau in Vietnam (#95), the
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Fig. 4. Among the 542 source rivers, only a few stand out that contribute large amounts of pollution to individual downstream sites.
Pollution is travelling substantial distances of several hundred kilometres within 2 months, especially along the coast of China. The six
rivers that rank high for multiple objectives are all sources of the strongest pollution trajectories in the seascape, here marked up with
their ID numbers. The strong pollution pathways out of the north of Vietnam are attributed to source rivers #123 and #126, which both
rank high but for slightly fewer objectives than the six rivers analysed in more detail (see Table S2 Supplementary material S4).

River Ganges in India and Bangladesh (#15), the Irrawaddy
River in Myanmar (#29) and the Pasig River in the
Philippines (#255) all impact additional jurisdictional zones,
but to very different degrees (Fig. 5). The knowledge of
international connections between sources of plastic debris
and impacted habitats can be a key factor in fostering
collaboration and meaningful strategic regional planning
not confined by borders.

For example, even though carrying one of the highest loads
of debris of all rivers in the seascape, the Yangtze River
pollutes only sites within two Economic Exclusion Zones (EEZs),
China and South Korea, contributing large fractions to the
inflowing debris at multiple sites in both countries (Fig. 5a).

The River Son Hau in Vietnam (source ID #95) seems to be
a less feasible case to target clean-up actions (Fig. 5b), as the
pollution from the river gets scattered across ten different
jurisdictions, contributing 60-90% of the inflowing plastic
debris in many individual sites. Despite the large cuts in

pollution inflow, it might not be tempting for Vietnam to
invest in clean-up technology when most of the benefit is
gained abroad.

Several sites in India receive 60-90% of the incoming
debris from the Bangladeshi side of the River Ganges delta
(source ID #15, Fig. 5c). As the River Ganges flows through
both countries and the estuary stretches across the border,
there might be opportunities and incentives for joint
investment. If Bangladesh would aim to intercept debris at
this specific location within the estuary, it could reap the
most benefits within its own jurisdiction.

Meanwhile, the Pasig River (#255, Fig. 5d), draining into
the Bay of Manila, primarily pollutes sites of value within the
Philippines’ EEZ, with only weak connections to two other
EEZs. Therefore, clean-ups at this location might provide a
feasible and highly beneficial opportunity for this region to
reduce plastic pollution levels for the environment and
people.
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The six rivers that are important for multiple objectives are shown in panels (a)—(f). The Exclusive Economic Zones affected by their

downstream pollution are in grey. The percent contribution of the total inflow of plastic debris to individual downstream receiving sites can

be used to identify how the benefits are distributed across different

Highlighting trade-offs with a consequence table

The most promising source rivers for management can be
compared across all metrics in parallel to understand the
trade-offs for all objectives and type of impact (Table 2). A
detailed investigation across all metrics for the six candidate
rivers suggests there is no clear best or worst option and
therefore requiring managers to make trade-offs based on
what they consider most important. The Yangtze River carries
by far the greatest volume of debris and contributes the largest
volume of debris into downstream sites. If reduced at this
source, it could cut downstream pollution to all key biodiver-
sity areas by 18% and the general coastline by 15%, yet other
source rivers would be better at reducing impacts on coastal
populations or coral reefs. The area and number of sites that
benefit is also substantially smaller than the area that would
benefit from other clean-up options. A clean-up intervention
at the Ganges in India could reduce pollution into Marine
Protected Areas by 16% (the single best benefit to MPAs)
and into Key Biodiversity Areas by 8%. Meanwhile, River
Song Hau in Vietnam would be the best option to benefit

jurisdictions.

the highest number of sites (412) and the largest area
overall, and also strongly benefits populations. However,
these benefits are distributed over 10 nations, which might
reduce the motivation of the Vietnamese government to
invest in clean-up. In addition, the total volume at this source
is relatively small compared to the other top-five rivers.
Finally, the Pasig River and Modaomen Shao Channel rank
second across multiple social and environmental objectives,
as well as general statistics, however, with reduced technical
challenges that are expected in the enormous estuaries of the
Yangtze River and the River Ganges.

Rivers that are targeted through the Clean Currents
Coalition (https://cleancurrentscoalition.org/coalition-projects)
include the Assi River (Bangladesh: #9-18), the Song Hong
River (Vietnam: #119-127), the Lat Phrao Canal (Thailand:
#77-80), and the Citharum River (Indonesia: #441-442). The
Assi River is a tributary to the Ganges, which appears in a high
rank for all objectives except for coral reefs. However, due to the
variability in debris load across the wide delta, it might be a
challenging location to create targeted impacts for downstream
sites.
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Table 2. Consequence table comparing the top six rivers (columns) and all impact metrics (rows).

Metric Habitat 15 29 95 146 196 255
type River Ganges Irrawaddy River Song Hau Modaomen Yangtze Pasig River
(India/Bangladesh) River (Vietnam) Shao Channel River (Philippines)
(Myanmar) (China) (China)
General impact statistics Eqn 4: Impact at source river (t) 35,420 31,242 16,893

Impact for environmental
objectives

Impact for social objectives

Feasibility

Egn 3: downstream impact across all sites (t)

Fraction of the river load that pollutes
sites across system (%)

# sites impacted by this source
Area impacted (across all sites) (km?)
# sites this source is the main source of pollution

Eqn 2: volumetric impact downstream (t)

(%) Reduction in pollution across
sites and area

# sites with reduced pollution

(km?) Area with reduced pollution

Impact on # of people within 8 km? vicinity
Main source of pollution for # of people
within 8 km? vicinity

Technical feasibility

Political feasibility: # EEZ impacted

Reef
KBA
MPA
Coast
Reef
KBA
MPA
Coast
Reef
KBA
MPA
Coast
Reef
KBA
MPA

Coast

1765

1460 527

3

69 10 412

32,768 31,104 213,056 38,656 13,344
75 175
232
507
227
1443 1401
<1 8
4
3
5 5
2 45
-
21 8 39
65 87 79 206
256 5039 46,076 668
5970 3391 4309 27,624
VALE) 5013 62 27,767 5673 _
19,441 22,643 97,204 25,181 53,980
1,677,428 335,997 7,615,236 1,671,724 1,970,634
421,905 155,384 673,479 2,213,270 654,750

Only used for preselection based on downstream sites with highest pollution

I

KBA, key biodiversity area; MPA, marine protected area.
Detailed benefit analysis for six potential high-impact rivers identified in Table S3 and Fig. 4. The consequences and trade-offs are clearly identified in this quantitative information on plastic debris pollution at the
source and downstream sites for all different environmental and social objectives.
Dark blue, best options for each metric; mid blue, second best options for each metric, light blue third best option for each metric. Technical feasibility is greyed out as it was used during preselection of most

promising options.
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Variability of ranks across different model
parameters

We assessed the variability in the first 100 ranks based on
rivers with high flows to a receiving site (volumetric impact,
Eqn 2), rivers contributing high fractions of the inflowing
plastic pollution at a receiving site (relative impact, Eqn 1)
and rivers causing high inflow of plastic debris across all
receiving sites (total downstream impact, Eqn 3) across six
‘sensitivity’ scenarios (shallow and deep currents, high and
low settlement rate, mean and high estimates for modelled
load of debris in rivers). Ranks based on the volumetric impact
were stable across the first 100 ranks (Eqn 2, Supplementary
Material S5 top). Most rivers appeared in the first 100 ranks in
all scenarios and had low or no variability in these ranks. All
six rivers appeared in the top ranks. Variability among ranks
based on the relative impact (Eqn 1, Supplementary Material S5
middle) was higher, many rivers appeared only in some of the
scenarios in the first 100 ranks, and only one of the rivers we
examined appeared in the first 100 ranks. Variability among
the first 100 ranks for the total downstream impact (Eqn 3,
Supplementary Material S5 bottom) was highest, with most
rivers only ranking in the first 100 ranks in few of the
scenarios, and none of the selected rivers appeared in these
top ranks. The results suggest that planning based on the
flow of volume from source rivers to receiving sites might be
the most robust metric when considering a range of likely
parameters in the model.

Discussion

An important aspect of the SDM process is the well-defined
metrics that show the nuances of different objectives with a
clear and transparent method to navigate the trade-offs
between them. As expected, prioritizing different objectives
and metrics lead to different priority source sites for
management. We found three main types of trade-offs for
marine debris management in south-east Asia: (1) reducing
total plastic vs reducing impact at specific downstream
sites; (2) reducing the downstream impact on social vs
environmental outcomes; and (3) reducing impact per se vs
the feasibility (political and technical) of implementation.
Each of these main trade-offs are described further, below.
The first trade-off is between reducing the volume of
circulating debris in the open ocean vs reducing negative
impacts in specific places of value. Within our model,
approximately 5% of virtual plastic settles in destination
habitat after 2 months, roughly matching estimates from
previous studies, considering that only 1% of marine plastic
debris is believed to be bound in surface waters (Eunomia
Research & Consulting Ltd 2016). Therefore, targeting
clean-up at locations carrying a high load to reduce the
accumulation of large volumes of pelagic pollution seems to
be a reasonable strategy. However, there are trade-offs with

the downstream site-specific priorities. Several rivers that
carry the highest volumes of pollution do not rank high for
many other places or habitats of value. When the aim is to
reduce the overall volume of marine debris and plastic
pollution in general, regulating production in general seems
to be a more feasible approach than trying to intercept large
volumes along their trajectories after they enter the environ-
ment, as there is a direct correlation between production of
plastic and plastic pollution (Cowger et al. 2024). Improvement
of waste management infrastructure has emerged as a priority
in national policies in the seascape, confirming the risk of
repeated leakage of retrieved debris (Arifin et al. 2023).
Indeed, the rivers we assessed in detail due to their large
benefits for multiple objectives were located in China,
Vietnam, and the Philippines, which ranked along with
Indonesia as countries with the most mismanaged waste
material (Jambeck et al. 2015). This introduces the risk
that removal of debris is only temporary. At the same time,
some rivers that are the main sources of pollution for specific
sites or coastal populations are not necessarily among the
rivers with the highest load in general, but management of
these sites would have additional benefits that go beyond
the amount of removed debris.

The second key type of trade-off is between reducing the
impact across competing values (e.g. social vs environmental)
at downstream sites. A clean-up intervention at River Song
Hau would provide some of the greatest benefits to the coastal
population as well as the numbers and area of downstream
sites, especially coral reefs and marine protected areas (MPAs).
However, this option provides much lower benefits for more
ecologically meaningful metrics such site-specific plastic inflow
(volume or percent) than a clean-up at the Irrawaddy River,
Modaomen Shao Channel or Pasig River. A clean-up at the
River Ganges would provide the best ecological meaningful
benefits to MPAs and key biodiversity areas (KBAs) but
some of the lowest benefits to reefs and human populations.
A clean-up at the Pasig River would provide the highest
reduction of percent and volume of plastic debris inflow to
coral reefs, but at the same time, provide some of the lowest
benefits to KBAs and marine protected areas among the
assessed options. Despite the necessity for decision makers
to navigate the trade-offs between competing objectives, the
transparent and quantitative comparison of consequences makes
this decision-making process clear and equitable, enabling a
strategic investment into the most appropriate location and
action.

The third general trade-off is between the best outcome
across all or most objectives regarding downstream benefits
vs the most feasible implementation (least political and
technical challenges). Two rivers (Ganges and Yangtze) with
the highest volume of debris would be clear priorities, yet
provide lower benefits to coastal populations or coral reefs
than several other options. These two rivers would also be
technically challenging due to their wide estuaries stretching
over hundreds of kilometres. However, they should also be
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politically feasible and tractable as the pollution destina-
tions from these top sources are largely contained within
their own Exclusive Economic Zone. In contrast, the source
River Song Hau (Vietnam) or Modaomen Shao Channel
(China) contribute plastic pollution to many downstream
nations, making the source-destination impact management
less politically feasible and motivating. Collaborations that
account for these types of burden sharing of costs at the source
relative to the downstream benefits will be key to achieving
impacts on a meaningful ecological scale, as is the case regarding
other cross-jurisdictional ecological challenges (Clark et al. 2023).

Implications of our study for identified priorities in
the management of marine plastic debris in the
Asian seascape

Movement patterns, dispersal pathways, and accumulation
zones, as well as their variability, are highlighted as a current
important knowledge gap and priority areas of research for
marine plastic pollution in Asia (Omeyer et al. 2022). The
urgent need to quantify expected impacts on several marine
habitats and coastal populations, which could serve as a proxy
for ecosystem services and degradation of seafood safety, is
identified as another key area of research. Our study does not
only provide workable examples and analysis pathways for
the identified priorities, we also showcase how a rigorous
framework can be applied to identify intervention locations
with high impact for a combination of objectives, including
the consideration of the geopolitical role of countries. In
the following, we put our study in context of several countries.

For example, Indonesia experiences increasing environ-
mental pressures and costs of marine plastic debris in the
Coral Triangle and is one of the first nations to have a
National Action Plan on marine plastic pollution. However,
there seem to be no clear priorities or set processes for the
selection of clean-up locations yet, and only few studies
have investigated sources and trajectories of marine debris
pollution that arrives in its jurisdiction (Purba et al. 2019).

Several rivers in Indonesia have been among the top source
rivers of marine plastic debris in different studies (Lebreton
et al. 2017; Meijer et al. 2021), and population and consump-
tion growth, as well as severe problems with waste manage-
ment, predict a worsening of plastic pollution in the future
(Lestari and Trihadiningrum 2019). Published modelling for
Jakarta suggests outgoing debris floats into the Indian Ocean,
while incoming debris comes from Java, Sumatra, Kalimantan,
and the Gulf of Thailand (Iskandar et al. 2021). In our study,
several rivers in Indonesia ranked as high priorities for two
objectives (contribution to site pollution and pollution that
impacts people).

In Vietnam, only 10-15% of plastic waste gets recycled,
with a generation of 3.7 million tonnes of plastic annually
(Veettil et al. 2023). The government is dedicated to reducing
the inflow of debris into the sea by 75% by 2030 and banning
single-use plastics. The national strategy on marine debris

management lists the monitoring and assessment of important
sources of marine plastic debris as a key objective (VASI
(Vietnam Administration of Seas and Islands) 2020). The
River Song Hau in Vietnam emerges as one of the most
impactful intervention locations for the largest number of
sites and overall area that could benefit from a reduced
inflow of plastic debris in our study. Other studies mention
mangroves and seagrasses as important sinks of plastic
debris. These additional habitat types could be integrated in
the same way as the reefs, MPAs and KBAs in our analysis,
which might identify additional rivers as a priority for clean-
up actions than the ones we identified here (Harris et al. 2021;
Veettil et al. 2023). We only have included area of extent as a
parameter in our analysis, but habitat quality (e.g. based on
environmental criteria) is often a key factor in prioritisation
process for conservation. If information on the relative
quality of habitats exists, it can be easily added as a relative
weighting factor.

In the absence of national monitoring data, the national
waste management in the Philippines is based on interna-
tional estimates (Alindayu et al. 2023). Our results indicate
that the management of inflow to coral reefs can be
managed to a high degree by national actions; for example,
intercepting pollution at the river mouth of the Pasig River,
which could at the same time contribute to the collection of
local data (Alindayu et al. 2023). Manila Bay was identified
as the location with the highest accumulation of debris in a
recent sampling effort, confirming the modelled hotspot
(Gomez et al. 2023).

Thailand relies on mainly voluntary measures, which
currently fail to mitigate the growing problems of plastic
waste, and the country is not set up to provide commercial
plastic recycling facilities (Marks et al. 2020). Transboundary
partnerships are key to enabling effective policies and
strategic action on the growing plastic waste problem (Marks
et al. 2020). Our study showed clearly that not every clean-up
intervention at a river with a high pollution load would
provide the same direct short-term reduction of debris
inflow at downstream sites of value. Learning how to assess
direct benefits for different objectives could be an additional
motivation for countries to invest in interception technologies
at the source and inform international collaboration. Even
though we did not explore a particular river from Indonesia
or Thailand in full detail, the data and methods provided
would make it easy to assess all options in the same way.

Improvements in the decision-making process for
selecting clean-up sites

Compared to other methods that offer guidance during multi-
objective prioritisation procedures for conservation manage-
ment, such as portfolio theory (Beyer et al. 2018) or Pareto
Ranking (Chollett et al. 2022), SDM has the advantage that
it instructs decision-makers to investigate the information
behind calculated ranks. A critical aspect in the context of
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mitigation options for marine plastic debris pollution is that
SDM encourages decision makers to spend time developing a
clear scope of the problem and relevant objectives and metrics.
Exploring and defining different values and objectives
produces relevant information about the different types of
impact a clean-up effort can have beyond the removed volume
of debris. This process helps to understand that multiple
quantitative metrics are needed to fully understand the breadth
of potential impacts and the related trade-offs for different
clean-up locations. The importance of considering multiple
metrics instead of single indicators to capture the different
dimensions of the ecological context has been stated in other
conservation contexts (Adams et al. 2021; Wyborn and
Evans 2021).

The results of our case study highlight for the first time how
important deliberation on different values, objectives and
metrics is in the context of marine plastic debris by showing
that the choice of different performance measures leads to a
different ranking of clean-up locations. Our case study
provides clear concepts for decision makers and planners to
expand the current predominant focus on removing large
volumes of debris by adding considerations on direct benefits
to species and habitats downstream. As most species and
ecosystems suffer from multiple impacts, reducing plastic
pollution might bolster their ability to withstand other
threats (Coté et al. 2016).

Constraints and uncertainty

Our study has several constraints for informing site selection
for debris management. For informing real world manage-
ment, additional analysis would be needed to explore a
number of uncertainties, particularly model uncertainty and
input parameter uncertainty (Regan et al. 2002; Rounsevell
et al. 2021). The three main caveats in our analysis are
model resolution, the physics of plastic dispersion in the
water column, and plastic debris volumes at the sources.

The choice of data describing the ocean currents influences
results because they are the driving force behind measuring
trajectories. The first constraint of the HYCOM model is its
resolution of 10 km?, which limits detail for the passages
between islands throughout the Coral Triangle and does not
account for tidal forcing or other small-scale aspects of
ocean currents. Reruns with alternative current data in
higher resolution would be required to quantify variation in
results based on the choice of current data and might also
provide better information on the differences we found in
trajectories coming from different locations within the estuaries
of the Yangtze River and the River Ganges. Particularly for
coastal zones, additional exploration of the impact of
resuspension rates at beaches and other shallow coastal zones
would be needed to explore the robustness of the results.

The second constraint of our model regarding the physics
of plastic dispersion includes the considered parameters for
movement. While our model includes advection and dispersion,

we have not accounted for windage, sinking, settling, beaching,
refloating or biofouling and degradation that might change
physical properties like size and shape over time, which in turn
affect drift behaviour (Chubarenko et al. 2016; Khatmullina and
Chubarenko 2019; van Sebille et al. 2020).

The third constraint is the reliance on one dataset on debris
load in rivers. We could have tested alternative data sets, as
done in other studies investigating the settlement of plastic
debris (Meijer et al. 2021). Because we wanted to focus our
study on the concept, it seemed more appropriate to include
a general approach to investigating the robustness of results
than adding detailed sensitivity and scenario testing of the
chosen models and parameters that have been addressed
elsewhere (Simons et al. 2013; Treml et al. 2015; Jones
et al. 2016; Schlaefer et al. 2022).

Costs are a key factor in decision making, however, they
differ across different countries based on currency, costs of
materials, salary costs and the size and type of intervention
that is chosen for intercepting debris (Silva et al. 2021).
Willingness to pay studies are one example of already existing
data on environmental costs in the region (Suryawan and Lee
2024; Suryawan et al. 2024a, 2024b). Alternatively, expert
elicitation could provide an avenue to produce and use cost
related data in a real-world application. Costs, as well as
estimates for effectiveness of different interception technolo-
gies, can be added to the consequence table as a row but
should be transferred into a comparable unit, for example
purchasing power parity. For transparency, all impact metrics
should be reported in real-world quantitative units (e.g.
tonnes, km?) in order to be comparable across all alternative
site locations.

The utility of prioritising locations for local
clean-ups in a global context

Removing plastic debris that has already entered circulation
pathways is a temporary and local mitigation strategy and
is not comparable to a long-term strategy based on policies
and regulations that can reduce the overall inflow into the
environment (Bergmann et al. 2023; Cowger et al. 2024).
Considering the socio-economic realities of increasing
production and high rates of waste mismanagement, the
production of new plastics needs to be reduced and regulated
dramatically (Diana et al. 2022a; Stoett 2022). This is
particularly important in countries with high waste exports,
such as Japan, the United States or the Netherlands (Basel
Action Network 2021). As the problem of pollution is linked
to the mismanagement of waste, trade flows are an important
aspect of the problem. A contentious report focusing on Asian
countries was retracted because the aspect of international
trade and hence the actual polluters were not reflected in the
methods used, creating a misleading narrative (The Guardian
2022). Illegal trade (Interpol 2020) to countries with high
rates of mismanaged waste, such as an estimated 70% for
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Thailand (Marks et al. 2020), creates doubts that salvaged
volumes of debris will not enter the environment again.

An international movement to create a legally binding
treaty to end plastic pollution by 2024, along with waste
management and regulation, have been highlighted as an
important avenue for change in impacted countries such as
the Philippines, Indonesia, Malaysia, or China (Eisma-Osorio
2021; Yin 2021; Kamaruddin et al. 2022; UNEP 2022a).
However, negotiations among countries on the exact details
of the treaty are slow and influenced by industry (Diana
et al. 2022a, 2022b; CIEL 2024). Despite the initiative, the
production, use and disposal of conventional fossil fuel-based
plastics are increasing and are forecast to grow to 19% of the
global carbon budget until 2040 (Law et al. 2020; UNEP
2022b; Lee and Volvovici 2024). The growing production and
waste streams drastically reduce the expected effectiveness of
clean-ups, and the impacts on human health and the
environment can be substantial (Human Rights Watch 2022).

Conclusions

Without more fundamental regulatory measures, any local
management focusing on the clean-up of marine debris is
likely to be dwarfed by the predicted growing inflow of
mismanaged plastic waste into aquatic and terrestrial systems.
However, as long as plastic debris from waste streams is likely
to enter the environment, intercepting trajectories to down-
stream sites with high social or environmental value gains
more weight than just removing high volumes, as removal is
likely to be only temporary.

Our study highlights how SDM could be used to identify
and navigate key trade-offs in the mitigation of multiple
impacts of marine plastic debris. The insight into the
variability of the most important social, technical, political,
and environmental consequences of each possible interven-
tion site demands rigorous thinking but also offers transparent
and logical prioritisation. While it is unlikely to identify a
clear ‘best’ river to mitigate pollution, the use of SDM guides
decision-makers to identify meaningful metrics that reflect
their values and provides a robust and intuitive process to
understand the consequences of any site selection compared
with the alternatives.

There are several important aspects to consider before our
framework would be fit for application:

1. All important and interested stakeholders in the planning
region should be invited or consulted. Our study provides
some suggestions, but each planning context requires
revisiting who should be invited and consulted during
the scoping and planning.

2. Similarly, the set of important objectives and metrics to
consider would need to be confirmed or updated based
on the relevant socio-ecological context and specific values
of the involved stakeholders. For example, metrics could be
added or modified with local information on the relevance

to their management goals, such as including the social
value of small fishing villages that provide food to the
region.

3. Data and models used in the analysis should reflect the
most up-to-date options and best practices for the purpose.
For example, since the time of our analysis, more accurate
estimates of plastic debris in rivers have become available
for the Asian seascape, and field-based observational data
should always be considered where appropriate to
produce more accurate estimates for pollution flows and
impact on biodiversity (van Emmerik et al. 2019; Owens
and Kamil 2020; Seo and Park 2020; Fauziah et al. 2021;
Meijer et al. 2021; Iskandar et al. 2022; Roman et al. 2022).
The hydrodynamic model to simulate plastic transport
should reflect the seascape as accurately as possible, and
ensembles could improve accuracy of predicted pathways
and uncertainty.

4. The sensitivity analysis to explore uncertainty in the
results should be based on the priorities of decision
makers and the used data and models.

5. In summary, while our study should provide a clear
conceptual framework and highlight likely regional
priority areas for intervention, implementation will likely
happen on the regional or national level, and revisiting
and adjusting each step with the most relevant content
for the specific socio-political and environmental context
is highly advisable.

Supplementary material

Supplementary material is available online.
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