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ABSTRACT

Plastic pollution poses a growing threat to benthic ecosystems in coastal waters, yet assessments often empha-
size surface accumulation while overlooking seasonal variability and seafloor impacts. This study evaluates the
spatial and seasonal variability of plastic pollution levels in benthic ecosystems of the Bali Strait, a monsoon
influenced region characterized by intense human activities and ecologically valuable habitats. A hydrodynamic
model coupled with Lagrangian particle tracking was used to simulate surface plastic transport under Southeast
and Northwest Monsoon conditions and to identify potential accumulation zones based on residence time patterns.
The Pollution Load Index was subsequently applied to quantify relative plastic pollution levels across benthic
habitats, including coral reefs and seagrass meadows. Model validation against tidal elevations, surface currents,
and drifter trajectories indicates satisfactory performance for seasonal circulation and transport analyses. Results
reveal pronounced monsoon driven contrasts in plastic pollution levels on the seafloor. During the Southeast Mon-
soon, high to extreme pollution levels are concentrated along the western side of the Bali Strait, particularly in the
Alas Purwo and Bama areas. In contrast, during the Northwest Monsoon, elevated pollution risk shifts toward the
western and southern coasts of Bali, especially along Kuta Beach, while most locations along the East Java coast
remain at low pollution levels. These patterns reflect the combined influence of seasonal current reversals, coastal
orientation, and shoreline morphology on plastic retention and deposition. Overall, this study demonstrates that
benthic plastic pollution in the Bali Strait is highly dynamic and seasonally controlled. Integrating hydrodynamic
driven accumulation estimates with the pollution load index provides an operational framework for identifying
seasonally vulnerable benthic habitats and supports adaptive monitoring and management strategies in monsoon-
dominated coastal regions.

Keywords: residence time, pollution load index, benthic plastic pollution, monsoon variability, hydrodynamic
modeling, Bali Strait, coastal ecosystems.

INTRODUCTION

Marine plastic debris is one of the most com-
mon types of pollution found in coastal and ma-
rine environments (Jambeck et al., 2015). Plastics
have become the most dominant type of marine
debris because of their low density, durability,
and resistance to degradation, allowing them to
persist for long periods and to be widely distribut-
ed following oceanographic dynamics (Bucknall,

2020; Derraik, 2002; UNEP, 2021). Over the last
decade, increasing human activities on land and
in coastal areas have driven the input of waste
into marine ecosystems through river discharge,
surface runoff, and coastal activities resulting
from suboptimal waste management (Harding,
2016; Jambeck et al., 2015; Lau et al., 2020).
Studies on the distribution of plastic debris at
the sea surface and in coastal areas have been wide-
ly conducted, both through direct observations
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and modeling approaches (Lambert et al., 2020;
Lebreton et al., 2018; Rothausler et al., 2019). At
the sea surface, studies generally show that the
main drivers of floating plastic distribution are
controlled by current dynamics, wind, and coastal
morphology, which can form seasonal accumula-
tion patterns (Lebreton et al., 2018; Maximenko
et al., 2012; van Sebille et al., 2015). In tropical
regions such as Indonesia, which e xperience
strong seasonal variability associated with mon-
soon systems, the direction and intensity of winds
and surface circulation are strongly affected and
play an important role in redistributing plastic de-
bris between seasons (Napper et al., 2021; Wang
et al., 2021; Yin et al., 2023). The influence of
monsoon conditions on riverine plastic discharge
is particularly significant because rainfall is very
high during the northwest monsoon (December,
January, and February), leading to increased plas-
tic inputs from land to the ocean, whereas rain-
fall becomes lower during the southeast monsoon
(June, July, and August), resulting in reduced
plastic discharge (Cordova et al., 2022). In addi-
tion, coastal areas with high human activity, such
as tourism zones and waters supporting major
coastal ecosystems, exhibit high vulnerability
to plastic pollution exposure (Auta et al., 2017;
Thushari and Senevirathna, 2020). The Bali Strait
in Indonesia represents an example of a coastal
region with high ecological value, as it serves as
a center of tourism activity while supporting ben-
thic ecosystems such as coral reefs and seagrass
meadows that are sensitive to pollution pressure
(Boakes et al., 2022; Intyas et al., 2025; Maharta
et al., 2020, 2021; Suteja et al., 2021). Specifi-
cally in the Bali Strait, the distribution of marine
debris at the sea surface and the spatial patterns
of stranded debris along the coastline are strongly
influenced by monsoon variability (Maharta et
al., 2021; Suteja et al., 2021).

Although marine plastic pollution has been
extensively studied, most research has focused on
the distribution and accumulation of plastics at the
sea surface and in coastal areas (Lebreton et al.,
2018; Maximenko et al., 2012; van Sebille et al.,
2015). This approach has limitations in explain-
ing the ultimate fate of plastics in the marine envi-
ronment, particularly the transfer processes from
the surface to the water column and the seafloor.
The mismatch between estimates of plastic inputs
to the ocean and the volume of plastics observed
at the surface suggests that a large proportion of
plastics is likely stored in less-observed marine
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compartments, especially benthic environments
(Cozar et al., 2015; Kooi et al., 2017). On the oth-
er hand, these studies are generally sporadic and
spatially limited, and therefore have not yet been
able to comprehensively describe patterns of ben-
thic plastic accumulation (Bergmann et al., 2017).

The linkage between oceanographic dynam-
ics and the potential accumulation of plastics on
the seafloor has rarely been analyzed explicitly,
making research outcomes difficult to transform
into an integrated and operational pollution risk
assessment framework. However, this limitation
can be addressed through approaches that link
physical water dynamics with the potential trans-
fer of plastics to benthic environments. In ocean-
ography, residence time is used to represent the
degree of retention of water masses and materials
within a given water body (Brauwere et al., 2011;
Clayer et al., 2024; Paul et al., 2017; Rosas et al.,
2022). Areas with high residence time, such as
regions with low current velocities, eddies, and
semi-enclosed coastlines, can enhance the inter-
action of plastics with vertical processes, allow-
ing this parameter to be used as an indirect indi-
cator for estimating the potential accumulation of
sinking plastics (Brauwere et al., 2011; Politikos
et al., 2020; Wu et al., 2022; Zhou et al., 2020).
This approach is practical because it can be ap-
plied using outputs from hydrodynamic models
and particle tracking simulations (Critchell and
Lambrechts, 2016; Liubartseva et al., 2018). Lo-
cally, the Bali Strait contains several coastal ar-
eas characterized by low current velocities in its
wider sections, concave shoreline configurations
such as those along the coast of Badung Regency,
and the presence of small eddies in the central
part of the strait (Adibhusana et al., 2023; Ma-
harta et al., 2021).

However, estimating the potential for sink-
ing plastics alone is not sufficient to assess their
pollution implications for seafloor ecosystems,
because the Bali Strait contains benthic ecosys-
tems that function as key ecological, economic,
and tourism supports. Therefore, the pollution
load index (PLI), which has been widely used
as a quantitative indicator of environmental pol-
lution levels (Patterson et al., 2022b; Praved et
al., 2025; Zheng et al., 2023), can be adapted
to evaluate the level of plastic pollution in ben-
thic ecosystems. Based on this framework, this
study aims to assess the spatial and seasonal lev-
els of plastic pollution in benthic ecosystems of
the Bali Strait. This assessment is conducted by
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integrating estimates of sinking plastic distribu-
tion based on hydrodynamic processes with the
PLI as a pollution indicator, to support under-
standing of plastic pollution risks in ecologi-
cally valuable and anthropogenically pressured
coastal regions.

MATERIALS AND METHODS

Research location and model design

This study was conducted in the waters of the
Bali Strait, which separates Java Island and Bali
Island (Figure 1). To estimate plastic pollution
risk in benthic ecosystems, several methodologi-
cal steps were applied, beginning with the simu-
lation of ocean current dynamics used as input
for river-based plastic tracking models (Figure
2). The first step involved hydrodynamic model
simulations using the Finite volume community
ocean model (FVCOM) to characterize surface
current patterns, driven by meteorological and
oceanographic forcing data (Figure 2A). The
second step consisted of plastic particle track-
ing simulations using two scenarios: Scenario 1
(Figure 2B1) was designed to calculate surface
plastic residence time, while Scenario 2 (Figure
2B2) was applied to simulate river-derived plastic
transport to estimate surface plastic density. The
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third step involved spatial overlay analysis of res-
idence time (Figure 2B1), surface plastic density
(Figure 2B2), and benthic ecosystem locations to
estimate the potential accumulation of plastics in
benthic ecosystems. Based on this integration, the
levels of plastic pollution in benthic ecosystems
of the Bali Strait were quantified (Figure 3C).
Model simulations in this study were conducted
for both the rainy season (Northwest Monsoon)
and the dry season (Southeast Monsoon).

Hydrodynamic model

The hydrodynamic model in this study was
simulated using finite volume community ocean
model (FVCOM) version 4.3 (www.fvcom.org)
to solve the continuity and momentum equa-
tions (Equations 1-3), as well as the temperature
(Equation 4), salinity (Equation 5), and density
equations (Equation 6) (Chen et al., 2013). The
model coefficients include vertical eddy viscos-
ity and thermal diffusion coefficients, which are
calculated using the modified Mellor—Yamada
level 2.5 (MY-2.5) turbulence closure scheme
(Galperin et al., 1988), then, horizontal diffusion
coefficients are parameterized using the Smago-
rinsky eddy parameterization method (Chen et
al., 2013). The model was implemented over a
domain covering the Bali Strait and surrounding
waters (Figure 2)
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Figure 2. Model design flowchart illustrating (A) the hydrodynamic model, (B) the plastic tracking model,
(C) plastic pollution risk in benthic ecosystems.
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where: X, y, and o are directions for east and west,
north and south, and also vertical in the
Cartesian coordinate system; u, v, and o
are the components of the current veloc-
ity for the X, y, and o directions; T is the
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temperature (°C); S is salinity (PSU); p is
the density (kg/m®) while p, is the initial
density (kg/m?); f is the Coriolis force (°);
g is gravity (m/s?); K_is the vertical eddy
viscosity (m?/s); and K, is the thermal
vertical eddy diffusion coefficient (m?/s).
F. F, F, and F_represent friction in the
x and y directions, thermal, and salinity
diffusion (N); D is the total depth of the
water column (m); T is the height of the
water surface elevation (m).

The hydrodynamic model using an unstruc-
tured grid with spatial resolutions ranging from
100 m to 5 km (Figure 3) and applied 20 sigma-
coordinate vertical layers. The primary input for
the model included bathymetric data obtained
from the National Bathymetry Dataset of In-
donesia, managed by Geospatial Information
Agency (BIG) (Figure 3). At the open boundar-
ies, tidal elevation data were prescribed using
the tide model driver (TMD). Temperature and
salinity at the open boundaries were specified
based on outputs from the HYbrid Coordinate
Ocean Model (HYCOM). In addition, surface
meteorological forcing was applied using data
from ECMWF Reanalysis Version 5 (ERAS), as
summarized in Table 1.

Validation of the hydrodynamic model re-
sults was performed using observed surface
current data from the high frequency (HF) Ra-
dar system provided by Indonesian Meteoro-
logical and Climatological Agency (BMKG) in
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Figure 3. Model grid and bathymetry

the Bali Strait, along with tidal elevation obser-
vations supplied by BIG at Pengambengan tide
station (Figure 1).

Plastic tracking model

The plastic tracking model in this study was
simulated using Python Lagrangian (PyLag) ver-
sion 06 (https://pylag.readthedocs.io/en/latest),
which is an offline particle tracking model fully
integrated with FVCOM. In this study, the La-
grangian method implemented in PyLag was ap-
plied to solve the differential equation describing
particle motion in the water (Equation 7) (Uncles
et al., 2020). This equation provides a mathemati-
cal representation of particle movement under the
hydrodynamic conditions of the study area.

p =p(T,S) (7)

where: r, = X (t = t,) the position vector of par-
ticle i at the initial time t =t , and U, ep-
resents the particle velocity vector. For
passive transport, the particle velocity is
assumed to be equal to the fluid veloc-
ity at the particle location, such that U, =
[u(t,x)] x = ., where u is the fluid velocity
vector obtained from the hydrodynamic
model output.

The particle velocity vector is subsequently
decomposed into resolved and unresolved compo-
nents to account for subgrid-scale processes that
are not explicitly resolved by the hydrodynamic
model. These components are then incorporated
into a random displacement model (Equation 8).

dXJ = U + W dt +
k (8)

1
+(2Dj, )2dW,

where: dH, = dX represents the incremental
change in particle position, D; is the dif-
fusion tensor, and dW, represents an in-
cremental Wiener process that introduces
stochastic behavior into the particle tra-
jectory simulations.

To ensure a realistic representation of the spa-
tial distribution of plastic litter in the Bali Strait,
plastic release configurations were designed un-
der two different scenarios according to the objec-
tives of the analysis (Figure 4). The first scenario
(Figure 2B1) applied a uniform plastic release
across the entire Bali Strait domain (purposive
point). In this scenario, plastics were released at
the sea surface on a regular grid with an inter-par-
ticle spacing of approximately 1 km (Figure 4).
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Table 1. Hydrodynamic model design

(internal mode)

Parameters Information
Grid Unstructured triangular grid with resolution 200 m — 5 km (Distance Between the 2 Closest Nodes).
Layer 20 sigma layers.
National Bathymetry Dataset of Indonesia — Geospatial Information Agency Indonesia: (https://
Bathymetry . - .
sibatnas.big.go.id/).
Time step
(external mode) 1 second
Time step 10 seconds

SE Monsoon: 1 June - 31 August 2024

Time simulation

NE Monsoon: 1 December 2023 — 28 February 2024

Tide elevation

Open boundary

TMD: (https://www.mathworks.com/matlabcentral/
fileexchange/133417-tide-model-driver-tmd-
version-3-0).

e Temperature

HYCOM: (https://www.hycom.org/).

condition e Precipitation

e Evaporation

e Salinity
e Wind
Meteoroloaical e Air pressure ERA - 5: (https://cds.climate.copernicus.
9 e Heat flux eu/datasets/reanalysis-era5-single-

levels?tab=overview).

Current observation data (1 December 2023 —
28 February 2024 & 1 June - 31 August 2024)

HF Radar:
(https://maritim.bmkg.go.id/radar)

Validation data

Tide observation data (1 December 2023 — 28
February 2024 & 1 June - 31 August 2024)

BIG tide station data:
(https://srgi.big.go.id/tides)

This configuration was intended to calculate loca-
tion based residence time, defined as the duration
plastics remain within a given area in response to
surface current dynamics and dispersive process-
es. By applying a homogeneous release over the
entire domain, the resulting residence time map
reflects hydrodynamic retention characteristics
controlled by the geometry of the Bali Strait and
seasonal current variability, independent of spe-
cific source locations.

The second scenario (Figure 2B2) focused on
plastic release from river mouths as representa-
tions of land based plastic sources, with subse-
quent plastic transport simulated using PyLag
and validated against drifter observations col-
lected near the coastal waters of Badung Regency
(Figure 1). The release locations and the number
of plastics discharged from each river were de-
termined based on the PISCES dataset (https://
www.piscespartnership.org/) (Figure 4), ensur-
ing consistency with the available river mouth
inventory. The number of plastics released from
each river was adjusted according to the PISCES
dataset to represent differences in relative source
contributions. Plastic release was conducted con-
tinuously at 6-hour intervals to capture variability
in riverine plastic input interacting with tidal dy-
namics and sub-daily current variability.
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Validation of the plastic tracking model was
performed by comparing simulated plastic tra-
jectories with observational data. Observations
of plastic movement were obtained from a Davis
drifter experiment conducted on 3 February 2019
for approximately 6 hours, representing one tidal
cycle. The drifter deployment location was se-
lected in an offshore area to minimize the influ-
ence of longshore currents and coastal boundary
effects (Figure 1). Although the plastic tracking
simulations were carried out using the 2024 hy-
drodynamic configuration, the 2019 drifter ob-
servations were used for validation due to data
availability constraints, under the assumption
that the dominant seasonal circulation character-
istics in the Bali Strait remain relatively consis-
tent between years.

Calculation of potential plastic accumulation
zones in benthic ecosystems

To quantify the potential plastic accumula-
tion zones in benthic ecosystems, indicators de-
rived from the plastic tracking model were sub-
sequently integrated into a pollution load index
(PLI) framework. Three primary variables were
considered surface residence time, surface plastic
density, and the location of benthic ecosystems.
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Figure 4. Plastic source location (red points for scenario 1 and blue points for scenario 2)

Residence time was used as the primary pa-
rameter to identify marine areas with potential
plastic accumulation at the sea surface. In the
context, residence time is defined as the duration
a plastic remains within a given area before being
exported by advective processes (Brauwere et al.,
2011; Clayer et al., 2024; Paul et al., 2017; Ro-
sas et al., 2022). This parameter has been widely
applied to characterize retention zones, weakly
flushed areas, and regions with limited horizontal
transport in coastal waters and narrow straits.

Residence time was calculated based on plas-
tic trajectories generated from the plastic tracking
model (Figure 2 B1) under the uniformly distrib-
uted plastic release scenario across the entire mod-
el domain (Figure 4). For each plastic i, residence
time was defined as the time interval between the
moment the plastic entered the analysis area and
the moment it exited the area (Equation 9).

RTi = texit,i - tentry,i (9)

where: RT. is the residence time of the i, plastic
t is the time when the plastic enters

entry,i

the analysis area, and t_, is the time
when the plastic leaves the area. Spatial
residence time values were then obtained
by calculating the mean residence time of
all plastics passing through each grid cell

within the model domain.

The resulting spatial distribution of residence
time represents the retention characteristics of
surface waters controlled by current dynamics,
independent of the spatial distribution of land-
based plastic sources. Areas characterized by high
residence time indicate relatively weak horizon-
tal circulation and low plastic export efficiency,
thereby providing favorable conditions for plas-
tic retention (Critchell et al., 2015; Critchell and
Lambrechts, 2016; van Sebille et al., 2015).

To objectively delineate high retention zones,
a percentile-based threshold was applied to the
spatial residence time distribution. High resi-
dence-time zones were defined as grid cells with
residence time values exceeding the 90th per-
centile of the residence time distribution across
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the model domain P, (RT). The residence time
threshold (RT, ) (Equation 10).

RTinr = Poo(RT) (10)

A grid cell j was classified as a high-retention
zone (Equation 11).

RT; = RTy, (11)

This percentile-based approach allows the
identification of relative retention hotspots that
emerge directly from the modeled hydrodynamic
conditions, rather than relying on a prescribed ab-
solute time threshold. As such, it provides a ro-
bust and transferable method for detecting areas
with reduced horizontal transport and enhanced
potential for plastic retention under varying hy-
drodynamic regimes.

Surface plastic density (Dp) was expressed as
the mean number of plastic particles per unit area
(pcs km™) and derived from the plastic tracking
results of Scenario 1 (Figure 2B2) by calculating
the average spatial concentration of plastics at the
sea surface over the simulation period. For each
grid cell j (Equation 12).

1T Ni(t)
D, . == E J 12
pJ T t=1 A] ( )

where: D_; is the mean surface plastic density in
grid cell j (pcs km™2), Nj(t) is the number
of plastic particles present in grid cell j
at time step t, A is the area of grid cell j
(km?), and T is the total number of time
steps considered in the analysis. This av-
eraging approach provides a temporally
integrated representation of surface plas-
tic distribution, reducing the influence
of short-term variability and highlight-
ing persistent plastic hotspots across the
study area.

The third variable consisted of benthic eco-
system maps represented as polygon features
(Figure 1), which define the spatial extent of dis-
tinct benthic habitats (coral reef and seagrass). In
addition, benthic ecosystem maps were obtained
from the Allen Coral Atlas (https://allencoralatlas.
org/) and were used for spatial overlay analyses
between potential plastic accumulation zones and
benthic ecosystems. These polygons were used
as spatial units for pollution assessment. A spa-
tial overlay analysis was performed by intersect-
ing (1) the high-retention residence time zones,
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(2) surface plastic density fields, and (3) benthic
ecosystem polygons. For each benthic ecosystem
polygon, surface plastic density values located
within high retention zones were extracted and
spatially aggregated.

Pollution load index (PLI) assessment

The level of plastic pollution on the seabed
was evaluated using the PLI to represent relative
pollution pressure at each spatial unit (Patter-
son et al., 2022a; Tomlinson et al., 1980). In this
study, the PLI input was derived from the amount
of plastic entering potential plastic accumulation
zones overlaid with underwater habitat maps.

The plastic density value at each grid cell
(X’y), expressed as C (X, y), was calculated from
the weekly amount of plastic entering the plastic
accumulation zones in benthic ecosystems during
one seasonal simulation period (three months)
(Equation 13).

12
1
Ci(x,y) = EZ Dy i (x,y) (13)
k=1

where: Dp‘j(x, y) represents the number of sinking
plastic particles from mean surface plastic
density during the k-th week in grid cell
(X, y). The background concentration val-
ue C,; was defined as the minimum num-
ber of sinking plastics identified across the
entire study domain by considering both
simulation seasons (northwest monsoon
and southeast monsoon) (Equation 14).

D j,min, w (X, )r
p,j,min,west (X, Y ) (14)

Coi(x,y) = min
" y) < Dp,j,min,east(x; Y)

The contamination factor for each grid cell
was calculated in Equation 15.

Ci(x,
RO = 5y

Subsequently, the PLI value for each grid cell
was determined based on the contamination fac-
tor as Equation 16.

PLI;(x,y) = \/CF;(x,y) (16)

The PLI values were then spatially mapped
onto benthic habitat units derived from the over-
lay of underwater habitat maps and plastic accu-
mulation distributions. This spatial distribution

(15)
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of PLI was used to evaluate the relative level of
plastic pollution in benthic ecosystems. Interpre-
tation of PLI values followed the hazard classifi-
cation as follows: PLI < 10 (minor), 10 < PLI <
20 (moderate), 20 < PLI <30 (high), and PLI > 30
(extreme danger).

Model validation

The model validation employed statistical in-
dicators commonly used in oceanographic mod-
eling studies, namely the root mean square error
(RMSE), Pearson correlation coefficient (r), and
Willmott’s index of agreement (d).

RMSE was used to quantify the absolute er-
ror between model results and observations (Chai
and Draxler, 2014; Willmott and Matsuura, 2005)
(Equation 17).

n
1
RMSE = EZ(ML - Oi)Z (17)
i=1

where: M. and O, represent the modeled and ob-
served values, respectively, and ndenotes
the number of data points.

The Pearson correlation coefficient (r) was
applied to assess the strength of the linear rela-
tionship between modeled and observed values
(Pearson, 1895) (Equation 18).

. >(M; — M)(0; — 0)
VI.(M; — M)ZX(0; — 0)2

where: M and O denote the mean values of
the modeled and observed datasets,
respectively.

(18)

The strength of the linear relationship was in-
terpreted based on the absolute value of the Pear-
son correlation coefficient. Values of |r| < 0.20
indicate a very weak or negligible linear relation-
ship, values between 0.20 and 0.39 indicate a
weak relationship, values between 0.40 and 0.59
represent a moderate relationship, values between
0.60 and 0.79 indicate a strong relationship, and
values of |r| > 0.80 indicate a very strong or near-
perfect linear relationship. This classification was
used to evaluate the level of agreement between
modeled and observed data during the model val-
idation process.

In addition, Willmott’s Index of Agreement
(d) was used to evaluate the overall degree of
agreement between model predictions and obser-
vations (Willmott et al., 2012) (Equation 19).

3 L(M; — 0,)*
SUM;—0 1|+ 0;—0 |)?

(19)

This combination of statistical metrics pro-
vides a comprehensive assessment of model ac-
curacy, linear association, and overall agreement
between simulated and observed data. Model vali-
dation was conducted to evaluate the performance
of the hydrodynamic and plastic tracking simula-
tions by comparing model outputs with observa-
tional data. For the hydrodynamic model, tidal el-
evation data were validated using the RMSE and
the Pearson correlation coefficient, and the differ-
ences between modeled and observed tidal levels
were also quantified. In addition, surface current
velocities were validated using HF Radar obser-
vations, where the Pearson correlation coefficient
was applied to assess the similarity of current
patterns, and Willmott’s Index of Agreement was
used to evaluate the overall degree of agreement
between model predictions and observations.
Plastic tracking simulations were validated using
drifter observations by comparing modeled parti-
cle trajectories with observed drifter movements.
The validation focused on assessing whether the
modeled plastic transport exhibited movement
patterns consistent with the trajectories observed
in the field.

RESULTS

Model performance and validation

Model performance was evaluated through
validation of surface currents (u and v compo-
nents), tidal elevations, and plastic movement by
comparing simulation results with available ob-
servational data. The validation was conducted
for two seasonal periods, namely the northwest
monsoon and the southeast monsoon, with simu-
lation periods adjusted to match the observational
data intervals.

The tidal elevation validation results indicate
a good level of agreement between the model and
observations for both seasons (Figure 5). Dur-
ing the northwest monsoon, the correlation co-
efficient reached 0.91 with an RMSE of 0.27 m,
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while during the southeast monsoon the correla-
tion coefficient was 0.89 with an RMSE of 0.29
m. The modeled tidal amplitude and phase gen-
erally show strong consistency with the observa-
tional data (Figure 5).

Validation of surface currents indicates dif-
ferences in model performance between current
components. During the northwest monsoon, the u
(east—west) current component exhibits relatively
low to moderate correlation values (0.04—0.60),
whereas the v (north—south) component shows
higher correlations, exceeding 0.7 at most loca-
tions. Willmott’s index of agreement values are
also higher for the v component than for the u com-
ponent, indicating better model performance in
representing the dominant current direction (Fig-
ure 6a). A similar pattern is observed during the
southeast monsoon, with v component correlations
ranging from 0.5 to 0.8, while the u component
generally exhibits lower correlations (Figure 6b).

Validation of plastic tracking shows that the
modeled plastic trajectories can represent the gen-
eral patterns of observed drifter trajectories, al-
though positional differences occur at certain times
(Figure 7). Overall, the validation results indicate
that the model performance is sufficient for appli-
cation in surface transport analysis, residence time
calculations, and identification of potential plastic
accumulation zones in subsequent analyses.

Surface circulation

The surface current circulation patterns in
the Bali Strait, derived from the hydrodynamic

model simulations, exhibit a strong influence of
strait geometry and seasonal monsoonal wind
variability. In the narrow sections of the strait, re-
sidual currents during both seasons consistently
flow southward, reflecting the transport of water
masses toward the Indian Ocean because of the
constricted strait topography (Figure 8).

In the more open waters south of Bali, surface
current patterns exhibit clear seasonal variability.
During the northwest monsoon, the dominant cur-
rents flow east-southeastward under the influence
of the Northwest Monsoon winds, whereas dur-
ing the southeast monsoon the dominant currents
shift northwestward in response to the Southeast
Monsoon winds (Figure 8). The highest current
velocities are identified in the northwest section of
the Bali Strait, ranging from approximately 0.35 to
0.45 m/s, while lower velocities (0.1-0.25 m/s) are
observed in the more open waters to the north and
south of the strait. This pattern is consistent with
the characteristics of regional circulation in Indone-
sian waters, which are influenced by the interaction
between strait throughflow and monsoonal winds.

Spatial distribution of residence time
and potential plastic accumulation zones

The spatial distribution of surface residence
time and potential plastic accumulation zones pre-
sented in this section was derived from the plastic
tracking model simulations. Specifically, Scenario
1 was designed to generate surface residence time
fields, while Scenario 2 was used to estimate surface
plastic density originating from riverine sources.
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The modeling results indicate that resi-
dence time values in the Bali Strait (Figure 9)
derived from Scenario 1. Mean residence time
during the northwest monsoon is higher (17.8
+ 2.4 hours) than during the southeast monsoon
(8.6 £ 2.1 hours), indicating stronger particle
retention in the northwest monsoon. During
the northwest monsoon, high residence time
zones (> 15 hours) are mainly distributed along
the eastern side of the Bali Strait, including
the western coast of Bali Island (e.g., Badung

and Jembrana) and several semi-enclosed wa-
ters, with maximum values reaching up to 92
hours along the Badung coast. In contrast, low
residence time values (< 6 hours) dominate the
more open western part of the strait, particularly
along the northern coast of Banyuwangi. During
the southeast monsoon, zones of elevated resi-
dence time shift toward the western side of the
Bali Strait, especially along the eastern coast of
Banyuwangi in Java and Gilimanuk Bay in Jem-
brana, Bali, where maximum values reach ap-
proximately 44 hours, while several areas along
the western coast of Bali continue to exhibit lo-
cally high retention due to coastal geometry and
localized circulation patterns.

Following the residence time-based method-
ology described earlier, high retention zones were
objectively identified using a percentile-based
threshold. In this study, grid cells exceeding the
90th percentile of the residence time distribution
were classified as high retention zones. The cal-
culated value of this threshold corresponds to a
residence time of approximately 6 hours, which
therefore represents the minimum residence time
associated with enhanced retention conditions
in the Bali Strait. These high retention zones are
subsequently interpreted as potential plastic accu-
mulation zones, as reduced horizontal transport in
these areas increases the likelihood of prolonged
plastic residence and accumulation.
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Figure 9. Surface Residence time of plastic during the southeast monsoon (left) and northwest monsoon (right)

The spatial distribution of plastic accumula-
tion derived from Scenario 2, which simulates
river source based plastic transport, shows pat-
terns that are broadly consistent with the resi-
dence time distribution (Figure 10). During
the southeast monsoon, relatively higher plas-
tic density is identified along the eastern coast
of Java and within several shallow water areas
on the western side of the Bali Strait. Statisti-
cally, surface plastic density ranges from 11 to
8.223 pcs km™2, with a mean value of 98.3 pcs
km™. When extreme values are excluded using
a trimmed mean approach, the average density
decreases to 58 pcs km™, indicating that the
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overall distribution is strongly right skewed and
dominated by low to moderate density classes,
while very high densities occur only locally. In
contrast, during the northwest monsoon, zones
of higher plastic density shift toward the west-
ern coast of Bali Island, particularly along the
southern coastline. Statistically, surface plastic
density ranges from 11 to 12,387 pcs km™2, with
a mean value of 275.3 pcs km2. When extreme
values are excluded using a trimmed mean ap-
proach, the average density decreases to 94 pcs
km™, indicating that although the spatial ex-
tent of plastic distribution during the northwest
monsoon is narrower than during the southeast
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Figure 10. Plastic density during the southeast monsoon (left) and northwest monsoon (right)

monsoon, plastic density is higher and more
concentrated along the coast of Badung Regen-
cy. Overall, low plastic density values dominate
the open waters of the Bali Strait during both
seasons, while moderate to high plastic densities
are concentrated in nearshore and semi-enclosed
areas, highlighting the strong control of seasonal
surface circulation on the magnitude and spatial
distribution of potential plastic accumulation.
These results indicate that seasonal variations
in surface circulation strongly control both the
magnitude and spatial concentration of surface
plastic density and consequently govern the lo-
cation of potential plastic accumulation zones in
the Bali Strait.

Pollution load index distribution across
benthic habitats

The PLI values for benthic habitats in the
Bali Strait exhibit pronounced spatial and sea-
sonal variability in plastic pollution levels. These
PLI values were derived through a spatial overlay
analysis that intersected high-retention residence
time zones (Figure 9), surface plastic density
fields (Figure 10), and benthic ecosystem poly-
gons (Figure 1), whereby surface plastic density
values within high retention zones were extracted
and spatially aggregated for each benthic habitat.
A summary of PLI values and their corresponding
classifications for each benthic habitat location is
presented in Figure 11.

During the Northwest Monsoon, nearly all lo-
cations fall within the Minor category, with rela-
tively low PLI values ranging from 1.91 to 7.53.
All sites along the East Java coast, as well as Gili-
manuk (Bali), are classified as Minor. The only
location deviating from this general pattern is the
coast of Badung Regency (Bali), which records a
very high PLI value of 41.97 and is classified as
Extreme Danger (Figure 11).

In contrast, the Southeast Monsoon is charac-
terized by an overall increase in plastic pollution
levels at several locations, particularly along the
East Java coast. Alas Purwo and Bama exhibit the
highest PLI values, reaching 61.04 and 38.89, re-
spectively, both of which fall within the Extreme
Danger category. Other locations, including Te-
luk Biru, Payaman, Muntjar, and Gilimanuk, are
classified as High, with PLI values ranging from
10.03 to 14.40. Meanwhile, Bantenan and Wang-
saredja consistently remain within the Minor cat-
egory during both seasons. During the Southeast
Monsoon, the coast of Badung Regency records a
PLI value of 0 and is classified as Minor, indicat-
ing no detectable plastic accumulation during this
period (Figure 11).

Overall, the spatial distribution of PLI catego-
ries shown in Figure 11 highlights a clear seasonal
contrast: the Northwest Monsoon is characterized
by localized plastic accumulation along the coast
of Badung Regency, whereas the Southeast Mon-
soon exhibits more pronounced plastic pollution
along the East Java coastline.
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DISCUSSIONS

Seasonal variability of plastic pollution levels
based on PLI

The PLI results indicate that plastic pollution
levels in benthic ecosystems of the Bali Strait are
strongly influenced by the interaction between
monsoon driven current dynamics and coastal
morphological characteristics. Geographically,
the Bali Strait is flanked by the East Java coast to
the west and the Bali coast to the east, so changes
in monsoon current direction directly affect plas-
tic transport pathways and accumulation loca-
tions in both regions (Adibhusana et al., 2023;
Maharta et al., 2021). This mechanism is also
related to variations in residence time, which de-
termine how long plastic particles are retained in
coastal waters before being deposited on the sea-
floor (Brauwere et al., 2011; Delhez et al., 2014).

During the Northwest Monsoon, dominant
surface currents move toward the Bali coast, trans-
porting plastics from rivers discharging along the
East Java coast, so that most locations along the
East Java coastline remain within the low pollu-
tion category (Minor). This condition indicates
that plastics entering coastal waters are relatively
quickly transported out of the area, resulting in
short residence times and low sinking potential.
In contrast, the coast of Badung Regency exhib-
its the highest PLI values, reaching the Extreme
Danger category. This pattern is influenced by the
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concave shoreline, which functions as a natural
retention zone and increases the residence time
of plastic particles, thereby enhancing the likeli-
hood of sinking and accumulation on the seafloor
despite the generally dispersive conditions of the
Northwest Monsoon (Maharta et al., 2021). Coral
reef ecosystems along the coast of Kuta Beach
(Bali) have been shown to receive plastic debris
contamination during the Northwest Monsoon
(Husrin et al., 2017).

During the Southeast Monsoon, ocean cur-
rents reverse direction, causing plastic transport
to shift toward the East Java coast. This shift
results in a significant increase in PLI values in
the Alas Purwo and Bama areas, reaching the Ex-
treme Danger category, as well as increases to the
High category in Teluk Biru, Payaman, and Munt-
jar in East Java and Gilimanuk Bay in Bali. This
increase indicates that during the Southeast Mon-
soon, plastic residence time along the East Java
coast and western Bali becomes longer, thereby
increasing the likelihood of plastic sinking to the
seafloor (Delhez et al., 2014). In contrast, the
coast of Badung Regency (Bali) experiences a de-
crease in PLI to the Minor category, indicating a
reduced role of this area as a retention zone when
the current direction reverses.

The Gilimanuk area exhibits unique transi-
tional characteristics, as its proximity to the East
Java coast makes it sensitive to seasonal changes
in current direction. Low PLI values during the
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Northwest Monsoon and an increase to the High
category during the Southeast Monsoon indicate
that Gilimanuk lies along a main plastic trans-
port pathway, with high residence time variabil-
ity. These results are supported by observations
showing that the Gilimanuk area, located near
West Bali National Park, also experiences plastic
debris pollution along its coastal beaches (Hen-
drawan et al., 2023). Overall, the PLI patterns
confirm that plastic pollution levels in benthic
ecosystems of the Bali Strait are dynamic and
strongly influenced by monsoon driven circula-
tion mechanisms and coastal morphology.

Implications of benthic plastic
pollution levels for ecosystem risk
and coastal management

The spatial and seasonal variability of PLI
values has important implications for ecologi-
cal risks in benthic ecosystems of the Bali Strait.
Habitats such as coral reefs and seagrass mead-
ows located within zones characterized by high to
Extreme Danger PLI levels are likely to experi-
ence greater environmental stress, through direct
physical interactions with plastics, alterations in
sediment quality, and exposure to contaminants
associated with plastic debris. This finding is con-
sistent with global evidence indicating that plastic
accumulation on the seafloor can exacerbate ben-
thic habitat degradation, particularly in coastal
waters with complex circulation dynamics (Kane
etal., 2019; UNEP, 2021).

From a coastal management perspective,
these results emphasize the importance of a sea-
sonally adaptive approach in the assessment and
mitigation of plastic pollution. The shift in high-
risk locations between the Northwest and South-
east Monsoon seasons indicates that marine de-
bris monitoring and mitigation strategies cannot
be static, but instead must be adjusted in accor-
dance with regional monsoon driven dynamics.
This perspective aligns with adaptive manage-
ment recommendations implemented in several
coastal regions of Southeast Asia and other semi-
enclosed seas, where seasonal variability plays a
critical role in pollution control planning (Lau et
al., 2020; Lebreton et al., 2018).

When compared with other tropical coastal
regions, the level of benthic plastic pollution in
the Bali Strait falls within a range comparable to
that reported for coastal ecosystems in the South
China Sea. Zheng et al. (2023) demonstrated that

PLI values in mangrove, seagrass, and coral reef
sediments range from minor to hazardous cat-
egories, with strong spatial variability linked to
anthropogenic pressure and local hydrodynamic
characteristics. The similarity in PLI ranges in-
dicates that a PLI-based approach is effective
for assessing benthic plastic pollution levels in
tropical coastal ecosystems. The role of seasonal
dynamics as a key driver of pollution risk dis-
tribution is further supported by studies in other
monsoon influenced regions. Gao et al. (2025)
reported pronounced contrasts in PLI values be-
tween the western and eastern coasts of Peninsu-
lar Malaysia, explicitly associated with seasonal
variations in winds and surface currents. These
findings are consistent with the pattern observed
in the Bali Strait, where monsoon driven changes
in circulation shift retention zones and plastic ac-
cumulation hotspots between seasons, thereby
modulating benthic pollution levels both spa-
tially and temporally. Additional support for the
influence of monsoon processes is provided by
studies from the Indian coast. Kalangutkar et al.
(2025) reported PLI values indicating contami-
nated conditions in the Terekhol and Sal estuaries
during the monsoon season, which were linked to
increased river discharge and coastal activities as
primary sources of microplastics. Similarly, Raju
et al. (2023) showed that PLI values and polymer
hazard levels along the eastern coast of India in-
creased significantly during the northeast mon-
soon, when wind and current patterns were con-
ducive to microplastic accumulation. Although
these studies focus on beach and estuarine envi-
ronments, the shared monsoon controlled physi-
cal mechanisms reinforce the interpretation that
the seasonal variability of benthic PLI observed
in the Bali Strait is part of a broader regional pat-
tern characteristic of monsoon dominated tropi-
cal marine systems.

Taken together, the findings from the Bali
Strait and their comparison with other monsoon
influenced coastal systems indicate that benthic
plastic pollution is governed by a consistent set
of physical and geographic controls, in which
seasonal circulation, coastal orientation, and
shoreline morphology jointly regulate plastic
retention and accumulation on the seafloor. The
spatial-seasonal PLI patterns observed in the
Bali Strait align with evidence from the South
China Sea, Peninsular Malaysia, and the Indian
coast, suggesting that monsoon driven variabili-
ty represents a fundamental mechanism shaping
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benthic plastic pollution risk across tropical re-
gions. In this context, integrating PLI with an
understanding of monsoon controlled hydro-
dynamics provides a robust and transferable
framework for assessing benthic plastic pollu-
tion, enabling the identification of seasonally
vulnerable habitats and supporting adaptive, re-
gion-specific management strategies in coastal
and strait environments characterized by strong
seasonal circulation.

CONCLUSIONS

This study demonstrates that plastic pollution
levels in benthic ecosystems of the Bali Strait
vary both spatially and seasonally, as reflected
by differences in PLI values across locations and
monsoon periods. The PLI evaluation indicates
that several coastal areas experience high to ex-
treme pollution levels during specific seasons,
driven by the interaction between seasonal cur-
rent dynamics, coastal geographic position, and
shoreline morphological characteristics.

Seasonally, the highest levels of benthic
plastic pollution during the Southeast Monsoon
are identified along the western side of the Bali
Strait, particularly in the Alas Purwo and Bama
areas. In contrast, during the Northwest Mon-
soon, pollution risk shifts toward the western
and southern coasts of Bali, especially along
Kuta Beach. Integrating the PLI with informa-
tion on hydrodynamic processes enables a more
contextual and operational assessment of ben-
thic plastic pollution, providing a robust basis
for identifying high-risk habitats and supporting
the prioritization of monitoring and management
strategies in ecologically valuable and anthropo-
genically pressured coastal regions.
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