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Abstract: Plastic litter is increasingly accumulating in the marine environment, with rivers considered
key pathways for entry. Current estimations of plastic input into the sea from land-based sources are
limited in accounting for the mobilization and transport of plastic generated in the whole catchment
area or in considering local variations in waste handling practices. Here, we show that, with an
integrated discharge modeling approach (based on actual rainfall and local estimates for exposed
mismanaged plastic waste), more realistic temporal estimates of plastic discharges into the sea can be
constructed. Applying this approach to Indonesia enabled us to estimate the total national inputs of
plastic waste into the sea from rivers and coasts and how these vary with rainfall, while providing
insight into those catchments, local communities, and waste handling practices that most contribute
to plastic waste leakages. We found that the plastic fluxes vary significantly in both the short and
long term and that the total amount of plastic waste discharged during wet years may be twice
as much as during dry years. Furthermore, river size, catchment population density, local waste
management, and proximity of point sources influence river plastic waste loads. Such an integrated
assessment can be very effective in helping to prioritize where interventions are most needed and, in
combination with frequent monitoring, can provide evidence of the impact that upstream measures
have on preventing plastic inputs into the sea.

Keywords: plastic pollution; mismanaged plastic waste; marine litter; riverine litter; Indonesia;
modeling; hydrology

1. Introduction

Marine plastic pollution is attracting broad societal concern and has been the subject
of numerous publications, particularly over the last decade (e.g., [1,2]). As global political
momentum to address this problem increases, attention has turned to where plastic is
coming from, notably to quantifying mismanaged plastic waste (MPW) inputs from land-
based sources [3] and rivers as major pathways of plastic inputs into the sea [4-8].

While it is acknowledged that hydrology can play an important role in mobilizing
MPW on land and transporting mobilized MPW through waterways into the sea [9], few
studies account for hydrological processes (e.g., [5]) or simply assume a maximum distance
from the coast (e.g., [3]). Moreover, the studies that account for hydrological processes tend
to have limited temporal variability of hydrological conditions and often only consider
average climatological conditions. Therefore, understanding the hydrological variability of
MPW discharges into the marine environment remains limited.
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In addition, most studies that link MPW generation with MPW leakages into the
marine environment are based on waste management data at the country level only. Waste
management data are often only publicly available at the country level and, where data at
the local level are available, they are often unreliable or incomplete. This may be particularly
significant in communities with low (formal or informal) waste collection rates and poor
waste disposal practices that include terrestrial dumping (fly-tipping), open burning, or direct
disposal in waterways [10], such as in Indonesia. Furthermore, it is well-known that the
generation of MPW varies significantly even within a country. By consistently relying on
country-level waste management data, most existing studies do not capture local waste
handling specificities (cultural preferences, e.g., disposal of waste directly into water)
that are most likely to lead to spatially-variable plastic leakages. Therefore, these studies
tend to exhibit significant uncertainty levels, making it impractical to inform sub-national
policy interventions and priority measures to effectively address the urgent marine plastic
pollution problem [11]. In order to improve the accuracy and to reduce the uncertainty of
model estimations, it is vital to enhance the resolution of both the spatial distribution of
waste generation and management and the temporal variations in hydrology [8,12,13].

Our study aimed at producing detailed temporal estimates of discharges of plastic
waste into the sea from land-based sources; and enhancing the understanding of key leak-
age sources and pathways to inform policies at the national and local level in Indonesia. Our
assessment is based on a realistic high-resolution representation of the hydrology-driven
mobilization of land-generated MPW, its transport in waterways and discharge into the
sea, by integrating demographic data, local waste handling practices, and modeled catch-
ment hydrology. This approach combines anthropogenic and environmental processes,
incorporating detailed solid waste estimates with temporally and spatially varying hydro-
logical factors, including physical processes affecting plastic mobilization and transport.
The results provide insights into local practices and communities within a river catchment
contributing to plastic waste leakages into individual waterways and from individual rivers
into the sea, as well as a country-wide estimation of total plastic waste discharges into
the sea. The approach captures daily, seasonal, and interannual variability and pinpoints
plastic waste leakage hotspots in the terrestrial, riverine, and marine environments. Our
study can inform where and which interventions are most needed and provides a baseline
against which the impact of future measures can be assessed.

2. Materials and Methods
2.1. General Approach and Definitions

Our study focused on municipal solid waste (MSW) macroplastics (plastic items, e.g.,
plastic bottles, sachets, bags, containers, etc.). In Indonesia, MSW includes household and
non-household waste, which can include some non-hazardous industrial waste collected as
non-household waste. We have considered as “mismanaged” plastic waste (Figure 1.) the
“exposed” fraction of plastic waste disposed of in controlled landfills (where there is some
containment), the fraction of collected waste disposed of in formal open dumpsites, as well
as all uncollected plastic waste. Only fractions recycled or disposed of in sanitary landfills
are considered fully “managed” and the “not exposed” fraction at controlled landfills is
considered partially “managed”.

We applied a set of analyses, beginning with a material flow analysis (MFA) to deter-
mine the amount of MPW that may or will end up in waterways; hydrological modeling to
estimate the mobilization of the exposed MPW on land to surface waters, taking into ac-
count topography, soil-type, land use, and spatially and temporally variable meteorological
data; modeling plastic waste transport and fate within waterways and eventual discharge
from rivers into the sea (Figure 1).
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Figure 1. Conceptual framework of the plastic fluxes and processes modeled in the study.

2.2. Estimating Generated Plastic Waste That Is “Exposed” to Hydrology

Population and household survey (HANSOS 2017) data were obtained from the
Indonesian Statistics Bureau (BPS); waste composition, solid waste management, and in-
frastructure data were obtained from solid waste master plans, the regional policy and
strategy on waste management, the Ministry of Environment and Forestry, and the Min-
istry of Public Works and Housing (PUPR). Specifications are detailed in Supplementary
Material, File S1. Local data were used whenever available, otherwise provincial, national,
or, lastly, global data were used. MFA of plastic waste was performed for each of Indone-
sia’s 514 regencies/cities (kabupaten/kota). Estimates of solid waste generation (SWG) at
village/subdistrict levels (desa/kelurahan) were used based on population data (using
the 2010 BPS census and corrected for population growth (BPS, 2019) and village status
(urban/rural (BPS, 2019)); SWG per capita, available for 257 regencies/ cities (corresponding
to 50% of the country); waste composition, available for 232 regencies/cities. A normal
distribution (excluding 10% higher and lower outliers) was assumed for these last two
parameters and average values used for regencies/cities without data. Formal collection
rates were available for all regencies/ cities in Indonesia, either through disposal site design
capacities or volumes received at the facility gate; estimates were corrected if higher than
reported from national household surveys. Within a regency/city, individual urban and
rural villages/subdistrict collection rates were estimated, assuming that waste is more
likely to be collected within an urban environment. Informal collection by waste pickers
within residential areas was based on the assumptions made for four city archetypes de-
fined in a previous study [14] and extrapolated to the regency/city level, using a recovery
factor of 67%. Data on waste handling practices were available at the provincial level only
(distinguishing urban/rural households) (derived from the HANSOS dataset, BPS, 2017)
and were used to determine uncollected plastic waste destinations: (1) disposal in water;
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(2) dumping/fly-tipping; (3) burning; (4) burying. For each province, an estimate was made
for a normal distribution (mean and standard deviation derived from the HANSOS dataset)
for each of these four handling practices at households in both urban and rural settings. For-
mally collected solid waste comprises waste delivered to recycling facilities (TPS3R), waste
banks, and final disposal sites (TPA). Indonesia classifies three final disposal types based
on operational standards: sanitary landfill, controlled landfill, and formal open dumpsites.
For each destination, we attributed an exposure rate (i.e., indicating the likelihood of MPW
being subject to mobilization by rainfall run-off or wind-blown and consequently leaked
from these point sources). Since no reliable leakage rates are available in the scientific
literature, a range of exposure rates was defined based on expert opinion and reflected upon
with Indonesian government officials. The combined effect of wind (e.g., on lighter plastics
such as bags and sachets) and hydrological forces that may mobilize during a rainfall event
part of, but not all, plastic waste disposed of in uncontained disposal sites (open dump
sites and controlled landfills) are covered by these leakage rates. As a result, we adopted
an overall exposure factor of 2-5% for controlled landfills (corresponding to approximately
half of the lighter fraction of plastics) and 5-20% for plastic waste disposed of in formal
open dumpsites. These factors are based on the following observations and assumptions:
(i) the lighter fraction of plastics (e.g., bags and sachets) cover approximately 40-60% of
the total plastic waste mass; (ii) 50-90% of waste is contained in garbage bags or covered
by other waste; (iii) in controlled landfills, up to 90% of mobilized plastic waste may be
prevented from leaving the site by installed containment measures (e.g., fences). We have
assumed that all uncollected plastic waste dumped on land or directly discarded in water
is exposed. In contrast, burial or burning of uncollected plastic waste makes it unavailable
for mobilization by hydrology (summary in Supplementary Material, File S2). These were
considered as diffuse sources assuming a uniform distribution within the administrative
area while respecting the specific environment destination (land /waterways) resulting
from the waste handling practices. A Monte Carlo analysis was performed to produce a
range of SWM conditions: low (10%)-mid (50%)-high (90%) for all output parameters at
the village level, including differentiating between urban/rural villages for diffuse and
point sources.

2.3. Modeling the Fate of MPW in the Terrestrial and Aquatic Environments

The lower model boxes represent the exposed MPW environmental modeling in
Figure 1. The modeling aimed to quantitatively assess the connectivity between the spatially
variable generation of exposed MPW and the receiving marine environment. The study area
was represented by a fine rectangular grid with a mesh size of 560 m. As relevant processes
depend strongly on meteorology and hydrology [8], time-dependent modeling relies on
hydrological models covering the study area [15]. At the catchment scale, the (macro)plastics’
fate in riverine environments remains poorly understood, while there are insufficient data to
accurately parameterize and validate transport models [16]. A very basic parameterization
was selected and overparameterization was avoided as much as possible. Local field data
were used for validation.

MPW leakages, as discussed above, were assumed constant. Accumulating exposed
MPW in the terrestrial environment is washed off by rain events. Wash-off is assumed to
start at a lower threshold for simulated run-off intensity (t;,; mm d~!) and complete at a
higher threshold (f;;; mm d=1). As more run-off is generated on paved than on unpaved
surfaces, wash-off is more frequent from paved surfaces. In between rain events, retention
processes reduce the amount of accumulated MPW. Terrestrial retention was parameterized
by a first-order process (r¢; d~!). Retention includes “degradation” (processes that reduce
MPW mass or cause fragmentation into microplastics). Retention also includes “burial”,
soil storage, and vegetation trapping. Degradation by radiation and mechanical forces is
assumed to be higher on paved surfaces than on unpaved surfaces. Burial is restricted to
unpaved areas. Hence, r; is different on paved and unpaved surfaces, respectively.
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In the riverine environment, MPW is transported downstream, while a fraction is
retained due to weight loss and fragmentation, trapping in riparian vegetation and aquatic
sediments of low-flow zones [17-20]. To adequately represent such retention processes
without complete process understanding [16], lessons learned from nutrient pollution
assessments were used [21-23]. Aquatic retention was parameterized by a first-order
process assumed to take place with preference at the water-sediment interface (v, = k;/H,
with aquatic retention parameter k, (m d~!) and water depth H (m)). Full retention of
the local plastic flux was assumed at all larger dams [5]. Dam locations were obtained
from PUPR.

The terrestrial retention rate r; (d~!) on paved and unpaved surfaces, respectively, and
the aquatic retention parameter k, (m d ') are listed in Supplementary Material, File S3.
Despite the complexity in validating these parameters independently, they are required to
represent the fate of MPW released in the terrestrial and aquatic environment, respectively,
and to reflect significant differences in land use.

The modeling was performed using the D-Emissions software for terrestrial pathways
and processes and D-Water Quality for riverine transport and processes.

2.4. Accounting for Variability in National Scale Estimates

To adequately capture the high variability in both SWM data and hydrological condi-
tions, the estimated range of local MPW (10th percentile, 50th percentile, and 90th percentile
following the uncertainties and ranges of SWM data) was combined with the hydrological
variability in a four-year period time series (2013-2016) of rainfall conditions. As a result, a
range of national plastic waste discharges was defined by the minimum 365-day discharge
for the low SWM scenario; the median 365-day discharge for the mid-SWM scenario; the
maximum 365-day discharge for the high-SWM scenario.

2.5. Field Data for Initial Validation of the Model

For model validation, sampling, and analysis of the composition of waste removed
from several trash racks (i.e., structures to retain river-borne litter) in Jakarta were con-
ducted during the dry (September 2019) and wet (March 2020) seasons. Other field datasets
on volumes of waste removed from the Manggarai trash rack in the Ciliwung River (pro-
vided by the Municipal Environment Agency, DLH) and waste observed at the Bekasi River
mouth [24] were used.

3. Results

The modeling results provide a detailed estimation of plastic waste generation, hydrology-
driven mobilization, and discharge of plastic waste into the sea for the whole of Indonesia
throughout a typical year.

3.1. National Estimates of Plastic Waste Discharged from Land-Based Sources

The results at the national level are summarized in Figure 2. Our study indicates that
Indonesia generates 7.76 x 10° kg yr—! (range 5.90-9.49) of plastic waste annually, with rural
communities generating almost as much plastic waste as urban populations. Of the total
plastic waste generated (PWG), 4.52 x 10° kg yr~! (range 3.02-5.91) remains uncollected
and this largely contributes to the total generation of 4.91 x 10° kg yr~! (range 3.33-6.39)
of MPW estimated for the whole country. Mismanagement of waste is particularly evident
in rural areas, where 85% of the total PWG (mid-point estimate 3.01 x 10° kg yr~!) is not
collected (see Supplementary Material, File S4 for details on rural and urban areas). MPW
can reach the aquatic environment through direct disposal into water (national midpoint of
408.9 x 10° kg yr~! directly discarded in waterways) or by leakages from waste disposed
of in uncontained formal disposal sites (combined national midpoint of 68.1 x 106 kg yr~1)
or illegal dumping on land (national midpoint of 289.8 x 10° kg yr‘l).
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Figure 2. Conceptual diagrams showing the estimated amounts of plastic waste across different waste
handling and environmental processes, from its generation to discharge into the marine environment
(values representative for mid-range estimates) for Indonesia.

In total, it has been estimated that 346.5 x 10° kg yr~! (range 201.1-552.3) of plastic
waste is discharged into the sea from land-based sources in Indonesia. These are conser-
vative estimations of the total plastic input as we did not consider microplastics or other
plastic waste not accounted for under MSW data.

Despite the vast amounts of PWG in Indonesia, our simulations indicate that only
8-11% is exposed to hydrology, which is primarily attributed to the strong preference by
households to eliminate uncollected waste by burning it. We estimate that 4.5% of the total
PWG ends up in the marine environment and that a significant amount of the MPW that
enters waterways is retained within the freshwater systems or by artificial structures, such
as dams. In addition, in rivers where “trash racks” and clean-up operations are deployed
(such as in DKI Jakarta), the amount of MPW discharged downstream could be lower than
estimated since retention in such structures or urban drainage systems was not accounted
for. Factoring this retention will require detailed long-term monitoring of the quantities of
plastic waste removed from waterways.

3.2. Spatially Explicit Estimate of Plastic Waste “Exposed” to Hydrology

By modeling the material flow at the village level and quantifying the main leakage
pathways, we produced a spatial distribution of MSW plastics generated, mismanaged, and
exposed to hydrological forces, which is more detailed and representative than previous
studies. Differently from those, which use MPW as a function of the population only, we
have accounted for distinct location-specific waste handling practices and levels of contain-
ment of formal disposal, all of which can lead to different rates of plastic leakage into
the environment.

The modeling results reveal that the contribution of rivers as pathways of plastic
waste into the sea is, at the national level, considerably more significant than the direct
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wash-off from coastal areas, with rivers contributing over 80% of the total annual discharges
(Supplementary Material, File S5). As depicted in Figure 3, two-thirds of the total plastic
discharges originate from the most populated islands of Java (129.3 x 10° kg yr~—!) and
Sumatra (99.1 x 10° kg yr—!). Approximately 45% of the discharges from Java, where
most urban areas are located, originate from urban populations, whilst 55% have a rural
origin. In Sumatra, Bali, and Kalimantan, 70-75% of the plastics discharges originate from
rural sources and in East Indonesia (Sulawesi, Maluku, and Papua) these can be as high as
80-90%.

MPW discharge into marine environment

<1000 tonnes per year
1000 — 2500 tonnes per year
O 2500 — 5000 tonnes per year

O > 5000 tonnes per year

500 750 1000 km

Figure 3. Estimated annual discharges of plastic waste from rivers and coastlines in Indonesia.

Significant differences exist between regions, as well as between rural and urban areas,
in terms of the fate of plastic waste and the contribution of specific handling practices to
deal with uncollected waste (Figure 4 and Supplementary Material, Files 56-59). The most
common practice, notably in rural villages, is open burning, used for 80% of the MPW
generated (Figure 4and specifically File S6 in Supplementary Material), and which our
model assumes results in the elimination of this waste. Disposal of uncollected plastic
waste directly in waterways is more common in Maluku and Kalimantan, notably in rural
communities, while fly-tipping is relatively more important in Papua. Nevertheless, in
absolute terms, because of population distribution, most MPW that enters waterways
through direct disposal in water originates in Java and Sumatra.
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Figure 4. Share (%) of the destination of plastic waste generated in urban and rural areas for the
whole of Indonesia and in different regions reveals significant regional differences.

3.3. Riverine Plastic Waste Fluxes and Discharges

Our results show significant seasonal variations in plastic discharges, corresponding to
seasonal rainfall fluctuations of a long dry season followed by a rainy season with intense
rainfall (Supplementary Material, File S10). Nevertheless, the simulations also show that
brief showers during the dry season can mobilize significant amounts of MPW, while in the
rainy season peak, MPW discharges can be lower than during the dry season. Moreover,
the results suggest that MPW river loads may fluctuate significantly over short timespans
of days, possibly even hours, and, as discussed for the Saigon River [25], plastic transport
is likely to be affected by a combination of factors (e.g., rainfall distribution, urban drainage
conditions, preference for disposal directly into waterways during certain times of the day,
etc.). While there are no long time series of continuous observations yet to validate the
model at that level, field observations in and around Jakarta and elsewhere corroborate the
erratic nature of riverine plastic loads.

During both wet and dry seasons, periods with relatively higher river discharge (com-
pared with interannual averages) correspond with periods of relatively higher release of
plastics into the marine environment (Supplementary Material, File S11). While the model
has not been validated against multi-year observations (as these were not available), the
good match with existing observations and agreement with experience in the field of short-
term fluctuations gives confidence in the general model performance and therefore in its
ability to represent long-term fluctuations due to rainfall pattern variations. We, therefore,
expect that annual rainfall variation, which in Indonesia is strongly correlated with the
ENSO cycle [26], will also be reflected in plastic discharges into the sea. Considering that
we only accounted for a relatively short period (four years), which did not include a strong
La Nina year (i.e., with wetter conditions than average), we may have underestimated the
maximum annual plastic discharges. This finding further highlights the importance of
hydrology when interpreting results from observations.
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Temporal estimates of plastic discharges into the sea were generated for river outlets
of over 4000 river catchments in Indonesia. Ranking these in terms of their share of total
national discharges shows that the top contributing rivers are found in Java, Sumatra, and
Kalimantan (Supplementary Material, File 512). Our assessment indicates that, generally,
rivers carrying higher loads of plastic are large rivers, such as the Bengawan Solo and
Brantas Rivers, that run through densely populated areas. However, there are exceptions,
as smaller catchments (e.g., the Cirarab river) are also among the topmost polluted rivers.
This suggests an influence of other factors, such as unsanitary disposal facilities that are
located near waterways and function as MPW point sources.

Only 25% of the total amount of plastic waste discharged into the marine environment
in Indonesia originates from the top ten contributing rivers combined. Such a finding
highlights the need for broad measures across the country rather than measures focused on
only the most polluted catchments. More specifically, the detailed river catchment analysis,
combined with a good understanding of the local situation, supports formulating general
and area-specific concrete management and investment options to reduce plastic inputs in
the medium and long term.

4. Discussion
4.1. Data Limitations and Uncertainties

The overall uncertainty associated with the results (—42.0%—+59.4%) is dominated
by the uncertainty in the estimates of MPW leaked to the terrestrial environment and
waterways (—37.4%—+37.2%) (see a summary of uncertainties in Supplementary Material,
File 514).

Even though the use of local SWM data generated a high degree of detail in this
assessment, there are still considerable data gaps in this domain. While the BPS house-
hold surveys on waste handling practices were a critical source of data and enabled the
differentiation of distinct pathways of how MPW enters the environment, they are statisti-
cally valid only at the provincial level. Plastic content data are limited in Indonesia; only
40 regencies/ cities have reliable data on SWG and waste composition. Limited installation
of weighbridge (landfill gate) facilities means that there are little available data on the
volume or weight of solid waste transported into disposal sites, as is information on the
composition of delivered waste. The TPS3R and waste banks” data are based on design
capacity, not the facility’s operational capacity, which would be preferable for this type
of assessment.

Concerning the environmental modeling of plastics, the flux of leaked MPW towards
the sea accounts for factors generally accepted as important, such as river network topog-
raphy, meteorology, and hydrology, in connection with land-use types and dam locations
(e.g., [7]). This creates a realistic spatially variable connectivity between the location of
MPW generation and the marine environment, which is essential for developing control
measures (e.g., trash racks). The approach is also expected to realistically reflect the tem-
poral dynamics of the terrestrial and aquatic fate and transport of MPW. The amount of
exposed MPW washed off during a rain event depends partly on the rainfall intensity but
also on the length of the dry period preceding the event. This explains the relatively high
plastic load peaks during dry season precipitation events. The robustness of the current
environmental modeling is underlined by the consensus between our results and those by
Meijer et al. [8] for the share of MPW that reaches the marine environment for the whole
of Indonesia.

The main environmental modeling uncertainties are those related to the model param-
eters. These could not yet be independently calibrated because of the lack of representative
measured plastic waste fluxes in Indonesian rivers. Not enough field data exist in the study
area to make robust quantitative validation of the model parameters. Moreover, as also
recognized by Vriend et al. [27], inconsistencies between methods used for quantification
and classification of plastic waste and whether the composition of the material is considered
(i.e., including vegetation and other non-plastic materials) make a direct comparison of
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field data, model results, and between different studies challenging. Another source of
uncertainty is assuming plastic waste is a homogeneous “material”, neglecting its diverse
nature with different composition, sizes, shapes, and densities of plastic items. This requires
a more sophisticated modeling approach and detailed data regarding the specific compo-
sition of plastic waste. A final source of uncertainty is the representation of net riverine
retention only, neglecting remobilization processes and the associated timescales [18].

4.2. Comparison with Previous Studies

The results obtained deviate from previous estimations for Indonesia by global stud-
ies [3,5,8] (see a detailed comparison in Supplementary Material, File S15). This may be
explained mainly by methodological differences, such as the reliance of those studies
on generic MPW figures at the country level only and the fact they did not account for
high-resolution temporal variation in hydrological conditions. Our estimations of national
MPW generated are roughly 1.5 times higher than [3] as we have considered the whole
country’s population in 2016 (compared with a lower population in 2010 and restricted to
50 km inland). On the other hand, our estimates of inputs into the sea are comparatively
lower since we accounted for the difference that distinct waste handling practices have in
generating aquatic inputs of plastic.

Meijer et al. [8] attribute a total of 0.82 x 10° kg yr~! of MPW generated in 2015 in
Indonesia and estimate that 56 x 10° kg yr~! are discharged via rivers into the sea. Both
these estimates are six times lower than our estimated ranges. However, the fraction of
MPW reaching the marine environment is the same (7%) in both studies. This could be ex-
pected, as both studies use high-resolution spatially distributed modeling and have largely
overlapping input (though there are minor differences, for instance, the incorporation of
removal at dams in the present study and the somewhat more elaborate representation of
terrestrial transport processes by Meijer et al. [8]). Meijer et al. [8] provide a factor 10 to
estimate the likely range of individual emissions, but the source of the uncertainties is not
provided, nor is the range validated against the data.

4.3. Validation of the Model Results

Our sampling and analysis of plastic content at trash racks in Jakarta showed a wide
spatial and temporal variation in the different locations (47-97% in the dry season and
31-83% in the wet season). These percentages are considerably higher than the 11-43%
plastic mass reported for the Saigon River in Vietnam, where vegetation comprised 67%
of the debris [28]. The dominance of plastic bags and food/drink packaging (including
bottles and sachets) in the composition of river-borne plastic waste is similar between the
two countries. Due to the high variability in plastic composition, it was not possible to
convert observed volumes of total debris to validate model outputs of discharged plastic
waste. Nevertheless, at least for the dry season, the trend in the modeling results is in line
with the trend of DLH-reported volumes of waste removed at the Manggarai trash rack
in Jakarta (Supplementary Material, File S13), whereas for higher river discharges (wet
season), data on waste volumes show minimum values, suggesting that gates are open to
prevent flooding upstream.

Cordova and Nurhati [24] monitored the Bekasi River mouth (East Jakarta) between
June 2015 and June 2016, with monthly surveys and composition analyses of waste dis-
charged. Although these observations are insufficient to validate modeled daily fluxes,
these data points show a good correlation with the computed plastic discharges obtained
for this period (Supplementary Material, File S10). It should be noted that the Bekasi River
has very few anthropogenic changes to the hydrological system. No other observation time
series have been found when the present study was conducted.

5. Conclusions

We have highlighted the importance of local solid waste handling preferences when
assessing MPW loads in rivers. Data to characterize and quantify local handling preferences
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and waste composition across households with different socio-economic statuses are still
scarce. Improving the existing national reporting system for community-based recycling
organizations and including a specific question on SWM in the annual BPS survey should
be considered. A more systematic sampling of solid waste generation, composition and
material recovery rates, and detailed mapping of illegal dumpsites at the regency/city
levels would improve SWM data significantly. At final disposal sites, arriving waste data
should be recorded in a standardized simple format across all regions.

In view of improved future assessments, our study demonstrates the importance
of integrating good quality high-resolution datasets from different domains (e.g., SWM,
socio-economic, environmental observations of plastic, hydrology) while highlighting the
knowledge gaps that still exist in the environmental modeling of plastics. Research on
plastic pollution in freshwater systems is generally limited compared with the marine
system [29]. The same applies to Indonesia, while research on plastic pollution in the
terrestrial environment is even less studied [27]. It is, therefore, critical to integrate these
different domains (including harmonizing units of measurements) and to better understand
the interfaces between terrestrial (sources), freshwater (pathways), and marine environment
(final sink). Country-wide assessments that also account for direct releases of marine plastic
litter from maritime activities (e.g., [30]), such as shipping, fisheries, and aquaculture, can
provide an even more comprehensive baseline estimation of the total inputs of plastic waste
into the sea.

More extensive field observations are needed to quantify leakage rates from point and
diffuse sources (e.g., final disposal sites) and the mechanisms that affect plastic mobilization
and transport as it crosses these different environmental compartments. Recognizing how
location-specific these processes can be, future monitoring efforts should be adapted to
capture riverine plastic fluxes’ variability in short intervals (e.g., hourly) and thus help
further calibrate plastic discharge models. The regular clean-up operations implemented
across the country should be coupled with monitoring the amounts and composition of
plastic waste intercepted in the river. Data originating from emerging technologies such as
remote sensing [31,32] and machine learning [33] are promising applications in this context.

Despite existing limitations and data gaps, this study made significant progress by
applying a more realistic and detailed country-wide assessment approach for plastic dis-
charges, capturing the specificities in waste handling practices and their contribution to
aquatic leakages across a country as large and diverse as Indonesia. It shows that regional
and cultural differences in handling practices and waste generation, combined with detailed
hydrometeorology and hydrological infrastructure, are critical aspects to consider in local,
regional, and national assessments of plastic inputs into the sea. By clearly pinpointing
these sources and leakage pathways, targeted measures can be prioritized and the potential
effects in reducing plastic releases can be assessed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w15061143/s1, Overview of data sources used in the SWM and
environmental modeling (File S1); Rate of exposure of plastic waste for different disposal destinations
(File S2); Environmental fate parameters used in the D-Emissions and D-Water Quality software
(File S3); Mass flow diagrams with key study results for urban and rural areas (File S4); Summary
of modeling results of MPW subject to environmental processes and discharged into the sea for the
main Indonesian regions (File S5); Spatial distribution of estimated daily rates of plastic waste openly
burned in Indonesia (File S6); Spatial distribution of estimated daily rates of disposal of plastic waste
in water across Indonesia (File S7); Spatial distribution of estimated daily rates of disposal of plastic
waste in water across Indonesia; Spatial distribution of estimated daily rates of illegal dumping of
plastic waste across Indonesia (File S8); Summary of modeling results of plastic waste management
for the main Indonesian regions (File S9); Modeled time series of plastic discharges and estimations
from observations in Bekasi river mouth (File S10). Indexed monthly average MPW discharges and
multi-year indexed average river discharges for Java (File S11); Top 10 Indonesian rivers discharging
higher amounts of plastic waste (File S12); Time series of modeled daily plastic waste discharges and
plastic waste removed from a trash rack in Java (File S13); Summary of uncertainty associated to
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SWM data and hydrology in the estimated leakages of MPW (File S14); Comparison of the results
with previous studies (File 515).
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