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The accumulation of marine debris on Lemukutan Island poses a 

significant threat to the island’s aquatic environment and sustainable tourism. 

This study investigates the abundance and spatiotemporal characteristics of 

marine debris along the island’s coastline and evaluates the dominant sources 

contributing to its presence. Sampling was conducted twice, in May and 

November, representing the first and second monsoon breaks, using methods 

adapted from the NOAA Marine Debris Program. Results revealed an average 

abundance of 4.4 ± 0.08 items/m² and an average weight of 22.3 ± 0.46 g/m², 

with plastics accounting for 84.6% of the debris by abundance and 51.7% by 

weight. The most common items included plastic wrappers, fragments, cups, 

and bottles. Coastal cleanliness was rated as moderate during both transitional 

seasons. The findings highlight the influence of ocean currents in transporting 

debris toward the Pemangkat River estuary and emphasize the urgent need for 

improved waste management and enhanced public awareness initiatives to 

address plastic pollution. 

 
 

 

Marine debris consists of persistent solid materials that float and are produced either 

directly or indirectly, ultimately accumulating in the marine environment (Purba et al., 

2019; Van Sebille et al., 2020; Suteja et al., 2021b). The influx of marine debris can 

be attributed to various factors, such as river currents, wind, storms, or ocean currents 

(Cordova et al., 2019; Dobler et al., 2022; Iskandar et al., 2022). This debris can vary 

in size, ranging from large objects to microplastics, and can be found in marine 

environments, including beaches. Both types present complex and significant risks to 
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the health of living organisms, especially marine wildlife (Pereiro et al., 2019; Suteja 

et al., 2021b). 

As noted by Matthews et al. (2017), the movement of marine debris on the water’s 

surface generally aligns with the direction of wind and currents. Additionally, the 

distribution of debris tends to expand as the speed of these environmental forces 

increases (Lebreton et al., 2012; Abraham et al., 2022; Dobler et al., 2022; Barry et 

al., 2023). 

The investigation of marine debris has emerged as a critical area of research 

worldwide, including in Indonesia, due to its significant repercussions for marine 

ecosystems and public health. Among the various forms of marine debris, plastic has 

been recognized as one of the most pressing environmental challenges (Cordova et al., 

2019; Van Sebille et al., 2020; Suteja et al., 2021a). Current estimates indicate that 

over 5 trillion pieces of plastic, weighing more than 250,000 tons, are present in the 

oceans, highlighting the vast scale of this issue (Eriksen et al., 2014). Furthermore, 

microplastics can enter marine environments through multiple pathways, including 

atmospheric transport (Purwiyanto et al., 2022). This, in turn, complicates the 

landscape of marine pollution (Liu et al., 2019). This body of research suggests that 

marine debris is not only the result of direct disposal into the ocean but also stems from 

more remote sources, thereby complicating management strategies. 

In Indonesia, which ranks among the countries with the highest rates of plastic 

pollution (Jambeck et al., 2015), the significance of this research is becoming 

increasingly apparent. Gelcich et al. (2014) emphasized that enhancing public 

awareness regarding human impacts on marine environments is essential for promoting 

collective action to tackle this challenge. Studies conducted in Indonesia reveal a 

general lack of understanding among the public about the effects of marine debris, 

underscoring the necessity for educational initiatives and heightened awareness (Tahir 

et al., 2019). For example, research by Suryono et al. (2021) demonstrated that data 

collection on the distribution of plastic debris in coastal areas can aid in formulating 

more effective mitigation strategies. Furthermore, Yu et al. (2023) highlighted that the 

surge in plastic production since the 1950s has exacerbated marine pollution, projecting 

that by 2050, up to 12,000 million metric tons of plastic waste could accumulate in the 

natural environment. This situation underscores the urgent need for prompt and 

collaborative action at both global and local levels to address the issue. Research 

conducted in various regions, including Indonesia, can yield valuable insights into 

pollution trends and the efficacy of marine debris management strategies. 

Various techniques and methodologies have been developed to evaluate the 

distribution of marine debris. The progression of these methods is vital for 

comprehending environmental impacts and formulating effective mitigation strategies. 

These approaches encompass ocean modeling (Eriksen et al., 2014; Critchell et al., 

2015; Pereiro et al., 2019; Miladinova et al., 2020; Iskandar et al., 2021; Dobler et 

al., 2022; Kisnarti et al., 2024), satellite technology (Martínez-Vicente et al., 2019; 

Hu, 2021), and field observations (Tahir et al., 2019; Suteja et al., 2021b). Integrating 

sampling techniques, enhanced monitoring technologies, and numerical modeling is 

crucial for accurately assessing the distribution of marine debris. This comprehensive 

approach not only facilitates a better understanding of current challenges but also aids in 
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developing more effective strategies to mitigate the adverse effects of marine debris on 

the environment. 

Lemukutan Island is a significant area in Indonesia, recognized as a strategic island 

and designated as a Marine Conservation Area (MCA) under the Minister of Marine 

Affairs and Fisheries Regulation Number 31/PERMEN-KP/2020, established in 2020. 

This designation allows the area to function as a marine conservation zone governed by 

local authorities, encompassing all stages from planning and designation to 

management, monitoring, and evaluation. In addition to its conservation role, 

Lemukutan Island serves as an underwater tourism destination, attracting visitors to 

experience its marine beauty (Kuncoro et al., 2023). However, the influx of local and 

international tourists has led to waste management challenges on the island. Moreover, 

Lemukutan Island’s location—directly facing the Karimata Strait and the southern 

South China Sea (Apriansyah & Atmadipoera, 2020), as well as the Pemangkat and 

Selakau rivers estuary—makes it susceptible to the accumulation of marine debris along 

its coastline, as ocean currents transport waste from nearby islands. While the volume 

and impact of marine debris on Lemukutan Island have not been documented, its 

presence threatens the sustainability of aquatic biota and the overall environment. An 

increase in stranded marine debris can adversely affect the food sources for marine 

organisms, as well as impact the local economy and public health (Jang et al., 2014; 

Arabi & Nahman, 2020; Provencher et al., 2020). Consequently, there is a pressing 

need for a comprehensive study to investigate the characteristics and dynamics of 

marine debris in the ocean and its movement processes. 

This research aimed to assess the density and types of marine debris during transition 

seasons (May and November), which coincide with peak tourist arrivals to Lemukutan 

Island, significantly influencing the volume of waste generated. Additionally, the study 

employed the CROCO (Coastal and Regional Ocean Community) model to analyze 

ocean circulation, utilizing the model’s output to trace the origins of the marine debris 

accumulating on Lemukutan Island. 

 

 
1. Study area and field data collections 

     Lemukutan is a small island located in the southern part of the South China Sea, 

Bengkayang Regency, West Kalimantan, Indonesia (Fig. 1). It forms part of a cluster of 

islands around the Karimata Strait and is recognized as both a conservation area and a 

tourism destination. Geologically, Lemukutan Island covers an area of approximately 

5km² and is surrounded by clear waters rich in biological resources including coral reef 

ecosystems (Kuncoro et al., 2023). 

.  

 

 

MATERIALS AND METHODS 
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Fig. 1. Domain model (red box) (a) and sampling sites (red dot) for stranded marine 

debris (b) in waters around Lemukutan Island 

 

   In this study, marine debris sampling was conducted in November 2023, 

corresponding to the second monsoon break. In contrast, sampling for the first monsoon 

break took place in April–May 2024. The timing was selected based on observations 

that the period between the first and second monsoon breaks coincides with peak tourist 

activity on Lemukutan Island, which likely contributes to the increased accumulation of 

marine debris. Sampling was carried out at four sites on Lemukutan Island (ST1 – Cina 

Bay, ST2 – Melano Bay, ST3 – Surau Bay, and ST4 – West Melano Bay). These sites 

were chosen due to their significance as population centers and tourism hubs. Sampling 

lasted for three hours daily and was conducted during low tide to facilitate observations. 

Marine debris on Lemukutan Island was classified as macro debris (2.5– 100cm). 

This classification was selected because such debris is relatively easy to collect, in 

addition to being visible, and identifiable, while providing supplementary information 

during survey activities. The categorization of marine debris followed guidelines 

adapted from the NOAA program (Lippiatt et al., 2013) and UNEP/IOC standards 

(Cheshire et al., 2009). 

Surveys at each site were conducted using a 50m² transect (2 × 25m). Transects were 

measured with a tape, marked with string, and positioned at the highest tide line, with 

observations carried out during low tide to aid sampling (Tramoy et al., 2021). Marine 

debris samples were collected along transects using a visual survey method on the 

sediment surface (Suteja et al., 2021b). Excavation was performed when any portion of 

macro debris protruded above the sediment. Each transect survey was repeated at least 

twice. Observers wore gloves and shoes for safety and to prevent injuries from sharp 

objects or exposure to hazardous materials such as discarded medical supplies, animal 
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remains/waste, or contraceptives/condoms (Lippiatt et al., 2013; Suteja et al., 2021b). 

Writing tools were used to document findings in situ, and photographs were taken for 

reference to support later analysis. Collected debris was placed in plastic bags, cleaned, 

and transported to the laboratory for counting and analysis. 

2. The datasets 

2.1 Marine debris identification 

The identification of marine debris collected from Lemukutan Island followed 

established guidelines (Lippiatt et al., 2013; Suteja et al., 2021b), using a modified 

NOAA datasheet. Debris was cleaned with fresh water in the laboratory and air-dried, 

avoiding direct sunlight. Each item was visually categorized into one of seven groups: 

plastic, metal, glass, wood, paper, fabric, or other. The “other” category included animal 

cadavers/waste, food scraps, and unidentified items. These categories were further 

subdivided into 38 subcategories. After classification, items were weighed using a 

digital scale (Haser WH-B28, 0.1 g accuracy) and counted with a hand counter 

(TAGOSHI FH-102). 

2.2 Models 

The source-tracing approach involved two stages. First, a 3D hydrodynamic model 

was used to resolve the equations of motion that characterize ocean circulation within 

the model’s domain (Fig. 1a). In the second stage, virtual particles were released into 

the flow field and allowed to move under the influence of hydrodynamic forces 

generated by the model’s output. 

The 3D hydrodynamic model was based on the Coastal and Regional Ocean 

Community Model (CROCO, version 2.0; https://www.croco-ocean.org) (Auclair et 

al., 2022; Penven et al., 2022). CROCO, derived from ROMS-AGRIF (Shchepetkin & 

McWilliams, 2005), has been widely used for ocean circulation studies (Debreu et al., 

2016; Azis Ismail & Ribbe, 2019; Amemou et al., 2020; de Mello et al., 2022; 

Adhinugraha et al., 2023; Apriansyah et al., 2023a, b; Mogollón et al., 2023). 

The model configuration for Lemukutan waters used bathymetric data from GEBCO 

at 15-second resolution (Weatherall et al., 2015), spanning 0.30°N–1.30°N and 

108.42°E–109.35°E. It had a horizontal resolution of 1/48° and 32 vertical sigma layers. 

Initial values and boundary conditions were derived from GLORYS12v1 reanalysis data 

(Copernicus Marine Environment Monitoring Service). The model was forced with tidal 

data from TPXO (Egbert & Erofeeva, 2002), river discharge from GLOFAS 

(Harrigan et al., 2020) and atmospheric data from ERA5-ECMWF (Hersbach et al., 

2020). CROCO outputs included daily time-series data of sea surface height (SSH), sea 

surface temperature (SST), and zonal/meridional surface currents. 

The 2023 CROCO current velocity outputs were coupled with the Ichthyop v3.3.6 

ecosystem model (Lett et al., 2008) to trace the origins of marine debris stranded 

around Lemukutan Island. Ichthyop is an open-source software designed to study the 

influence of physical and biological processes on the movement of fish larvae while 

having the potential to simulate particle transport. It accounts for horizontal/vertical 

movement, dispersion, and buoyancy. Since the CROCO outputs already incorporated 

wind-driven currents, no additional wind effects were added. 

The selection of Ichthyop was based on its successful application in marine debris 

studies in the Mediterranean Sea (Macias et al., 2019; Miladinova et al., 2020). In this 

https://www.croco-ocean.org/


2492 
   Characteristics and Potential Source of Marine Debris in an Indonesian Remote Island: A Case 

Study of Lemukutan Island  

study, we focused on plastic debris—the most abundant type found on Lemukutan 

Island (see Results and Discussion)—using a density of 0.9g/ cm³. Direct wind effects 

and Stokes drift were not considered, as small plastic fragments are generally 

transported below the surface (Macias et al., 2019; Miladinova et al., 2020). Previous 

research has shown that surface currents are the dominant driver of debris accumulation 

(Kubota, 1994; Martinez et al., 2009), while Stokes drift has only minimal influence 

(Kubota, 1994). 

Ichthyop simulates two possible behaviors for particles at coastlines: bouncing or 

beaching. In the bouncing scenario, particles re-enter the sea after reaching the shoreline 

and continue moving. In the beaching scenario, particles remain stranded once they 

reach the shore and are tracked as beached until the end of the simulation. 

In this study, four scenarios were conducted (Table 1). A total of 1,000 virtual 

particles (representing plastic debris) were released from the western and eastern coasts 

of Lemukutan Island (Fig. 1b) during the first monsoon break (February–May) and the 

second monsoon break (August–November). Using a backward-tracing method, we 

tracked debris movement for 30 days. The final positions of particles on day 30 were 

interpreted as the potential sources of marine debris stranded on the island. 

Table 1. Scenario setting 

Scenario name Release zone Coastal behavior Periods of simulation 

L1-B Western part of the island Bouncing Feb to May 

L1-T Eastern part of the island Bouncing Feb to May 

L2-B Western part of the island Bouncing Aug to Nov 

L2-T Eastern part of the island Bouncing Aug to Nov 

 

2. Data analysis 

     The density (D) of marine debris is determined by comparing the total number of 

items (N) and their weight to the area of the transect (A) using the following formula 

(Terzi & Seyhan, 2017): 

/D N A=  
    The area (A) is determined by multiplying the length (m) by the width (m) of the 

transect during the sampling. The density of marine debris is present in items per square 

meter (items/m2) and weight per square meter (weight/m2). Additionally, we evaluated 

the cleanliness of 4 beaches located on Lemukutan Island by utilizing the Clean-Coast 

Index (CCI), as referenced in earlier studies (Terzi & Seyhan, 2017; Suteja et al., 

2021b). The CCI was determined as follows: 

CCI D x K=  
      The D represents the density of stranded marine debris measured in items per 

square meter (items/m2), while K is a correction coefficient set at 20. This coefficient is 

utilized to enhance the clarity of the results for public understanding. According to the 

CCI formula, beaches are categorized into five primary classifications: very clean 

(indicating no visible marine debris, 0 – 2), clean (large areas without marine debris, 2 – 

5), moderate (presence of recognizable marine debris, 5 – 10), dirty (significant 

amounts of marine debris, 10 – 20), and very dirty (marine debris predominantly covers 

the beaches area, >20). The CCI serves as an indicator for assessing the pollution levels 

on these beaches ( Vlachogianni et al., 2018; Mugilarasan et al., 2021). 
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1. The density of marine debris  

    In this study, 963 marine debris items were identified, with a cumulative weight of 

9966g. The average debris density recorded was 4.4 ± 0.08 item/m2, while the average 

weight density was 22.3 ± 0.46g/ m2. Sampling was conducted at four distinct stations, 

with observations in May and November representing the first and second transition 

seasons. In November, 419 debris items were collected, weighing 4787g, whereas in 

May, the total debris increased to 544 items with a weight of 5179g. 

 

  Fig. 2. Marine debris is classified according to density (upper panels) and weight (lower 

panels) in the second break monsoon (left panels) and the first break monsoon (right 

panels). 

          The highest density of stranded marine debris was observed at Cina Bay, with 0.32 

items/m² during the second monsoon break and 0.34 items/m² during the first monsoon 

break (Fig. 2, upper panels). This elevated density is attributed to the combined effects of 

intensive tourism activities—which increase local waste generation—and ocean currents 

transporting debris from the north, resulting in greater accumulation compared to other 

sites on Lemukutan Island. 

          Conversely, the lowest debris densities were recorded at West Melano Bay (0.17 

items/m²) during the first monsoon break and at Melano Bay (0.13 items/m²) during the 

second monsoon break (Fig. 2, upper panels). 

          Field observations further revealed that the highest weight of stranded marine debris 

occurred at Cina Bay (4.04g/ m²) during the second monsoon break and at Melano Bay 

(3.14g/ m²) during the first monsoon break. The lowest weights were recorded at West 

Melano Bay, with 0.13g/ m² during the second monsoon break and 1.27g/ m² during the 

RESULTS 
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first monsoon break. Meanwhile, Surau Bay recorded 2.75 and 2.25g/ m² during the 

second and first monsoon breaks, respectively (Fig. 2, lower panel). 

 

2. Category of marine debris 

          Marine debris collected from the four sampling sites on Lemukutan Island was 

classified into six main categories and 38 subcategories. This classification provided 

detailed insights into the types of debris stranded on the island’s shores during the 

sampling periods, which coincided with peak tourist activity. 

          Across both periods, plastics were the dominant debris category, accounting for 

84.6% of total items, followed by metals (4.5%), fabrics/textiles (3.8%), glass (3.7%), 

wood/paper (2.9%), and other materials (0.6%) (Fig. 3, upper panel). In terms of weight, 

the ranking differed: plastics (51.7%) were most prevalent, followed by fabrics/textiles 

(23.3%), glass (14.3%), metals (7.4%), wood/paper (2.0%), and other materials (1.3%). 

  Plastic debris subcategories included bottles, balls, cosmetic and bathing wraps, medicine 

wraps, plastic bags, thick plastic packaging, cups, food containers and spoons, 

miscellaneous fragments, pipes and hoses, straws, footwear, Styrofoam, ropes and fishing 

gear, and plastic lids. 

           When assessed by season, plastics remained dominant. During the second monsoon 

break, debris abundance consisted of plastics (84.8%), metals (5.3%), glass (4.1%), 

fabrics/textiles (4.3%), and other materials (1.4%); no wood/paper was recorded. In 

contrast, during the first monsoon break, the composition was plastics (84.4%), metals 

(3.9%), glass (3.3%), wood/paper (5.1%), fabrics/textiles (3.3%), and no other materials. 

In terms of weight, the composition during the second monsoon break was plastics 

(43.2%), metals (10.2%), glass (14.9%), fabrics/textiles (29.1%), and other materials 

(2.7%); no wood/paper was recorded. During the first monsoon break, the weight 

composition was plastics (59.6%), metals (4.8%), glass (13.8%), wood/paper (3.9%), 

fabrics/textiles (17.9%), and no other materials (Fig. 3, lower panel). 

          Overall, the results demonstrate that plastic constitutes the predominant form of 

marine debris across all sampling sites and periods on Lemukutan Island, totaling 810 

items (0.270 items/m²) and weighing 5,156 g (1.719 g/m²). 
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 Fig. 3. The marine debris category according to density (upper panels) and weight (lower 

panels) in the second break monsoon (left panels) and the first break monsoon (right 

panels) 

 

3. Clean-coastal index (CCI) 

The Clean-Coast Index (CCI) values revealed differences in cleanliness levels among 

the four regions of Lemukutan Island during the two transitional seasons (Fig. 4). Cina 

Bay (Station 1) recorded the highest marine debris accumulation, resulting in a moderate 

classification. Similarly, Melano Bay (Station 2) and West Melano Bay (Station 4) were 

also classified as moderate, whereas Surau Bay (Station 3) consistently fell under the 

clean category. These variations reflect differing environmental pressures and the relative 

effectiveness of waste management in each area. 

   The overall mean CCI value across all sites was 5.16 ± 5.85, corresponding to a 

moderate classification, which suggests that only limited amounts of marine debris were 

present. Seasonal averages showed CCI values of 3.53 ± 7.77 during the second monsoon 

break and 2.75 ± 8.00 during the first monsoon break, both classified as moderate. These 

seasonal trends are strongly influenced by increased human activities, particularly the 

surge in tourist visits and coastal activities leading up to year-end holidays. 

  According to Alkalay et al. (2007), beaches can be classified on a scale ranging 

from very dirty to very clean, representing a continuum from high levels of stranded 

debris to the near absence of visible waste across large coastal areas. Based on this scale, 

Lemukutan Island’s coastal regions were categorized as moderate and clean. During the 

second monsoon break, the classification percentages were: very dirty (0.0%), dirty 

(15.5%), moderate (84.6%), clean (0.0%), and very clean (0.0%). During the first 

monsoon break, the percentages were: very dirty (0.0%), dirty (58.6%), moderate 

(41.4%), clean (0.0%), and very clean (0.0%). 

.  
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Fig. 4. Coastal clean index in the second break monsoon (left panels) and the first break 

monsoon (right panels) 

   During the first measurement period (the second monsoon break), Cina Bay (Station 

1) recorded the highest marine debris accumulation (Fig. 2, upper left panel). 

Consequently, its Clean-Coast Index (CCI) was classified as moderate, reflecting the 

presence of noticeable debris. During this season, Melano Bay (Station 3) and West 

Melano Bay (Station 4) were also categorized as moderate, while Surau Bay (Station 2) 

was the only site classified as clean, indicating minimal debris accumulation (Fig. 2, left 

panel). In the second measurement period, all sampling sites, except Cina Bay, were 

classified as clean (Fig. 4, right panel). Cina Bay remained the only location with a 

moderate classification. 

4. Near-surface circulation and trajectory analysis 

   Before presenting the results of the marine debris simulation scenarios, it is 

important to describe the circulation dynamics in the waters surrounding Lemukutan 

Island. This area is part of the Natuna/South China Sea (Apriansyah & Atmadipoera, 

2020; Kok et al., 2021; Apriansyah et al., 2022), where seasonal variations in 

circulation and oceanographic parameters are primarily driven by wind-induced 

processes (Kushadiwijayanto et al., 2017). Other influencing factors include seabed 

topography, tidal forcing (Kushadiwijayanto et al., 2017), and freshwater discharge 

from the Pemangkat and Selakau rivers. However, the specific effects of these riverine 

inputs on the circulation around Lemukutan Island have not yet been investigated. 

Overall, the circulation patterns in this region are complex, with dominant currents 

generally following a north–south orientation. 

During the early west monsoon (February; Fig. 5a), the prevailing current flows 

southward from the north, continuing southwestward into the Karimata Strait. In the first 

transitional season (May; Fig. 5b), currents originate from the north and northeast and 

move toward the southwest. However, they weaken and shift southward after passing 

Lemukutan Island and its vicinity before eventually entering the Karimata Strait. 
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Fig. 5. The Lemukutan Island waters circulation based on the monthly mean velocity 

vector over the upper 5m in different months: (a) February, (b) May, (c) August, and (d) 

November 

 

         During the east monsoon period (August; Fig. 5c), the current pattern around 

Lemukutan Island generally flows from the northeast toward the southwest before being 

redirected southward into the Karimata Strait at relatively weak velocities. In the second 

transitional season (November; Fig. 5d), current speeds weaken further, with part of the 

flow diverted northward into the South China Sea. 

         The trajectory simulations were derived from the processed outputs of the CROCO 

model and implemented in Ichthyop, using horizontal current parameters (u, v). Particle 

release points were positioned at two sampling coordinates: 0.78°N, 108.72°E (eastern 

Lemukutan Island; scenarios L1-T and L2-T) and 0.75°N, 108.69°E (western Lemukutan 

Island; scenarios L1-B and L2-B). These locations were selected based on the presence of 

stranded marine debris observed on both sides of the island, raising important questions 

about its sources. 

        Since plastics were the predominant debris type identified in this study (see 

subsection 3.2), a total of 1,000 virtual particles were released from both the eastern and 

western sites at a depth of 0.5m. The simulations assumed that particle transport occurred 

primarily through horizontal advection. 

        A backward-tracing approach was applied, whereby particles were released and 

tracked for 30 days to identify their potential origins. The detailed setup of the four 

scenarios is presented in Table (1), covering both the first and second transitional 

seasons. 
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Fig. 6. The particle trajectory patterns (L1-B) during the first transitional season on days 

(a) 1, (b) 10, (c) 20, and (d) 30 

 

      The trajectory simulation results demonstrate that the current patterns around 

Lemukutan Island are consistent with the circulation model. The transport of plastic 

waste particles, whether released from the eastern side (Fig. 6) or the western side (Fig. 

7) in May, generally originated from the northeast. On day 1, particles moved from the 

northern coast of Lemukutan Island toward the northeast, with some appearing to 

originate along the island’s shoreline. By day 10, particles were dispersed across the 

northern and northwestern areas. By day 20, they were more evenly distributed, primarily 

from the northwest. By day 30, particle transport again shifted to the northeast, with 

many directed toward the Pemangkat River estuary. 

  Overall, the distribution patterns of plastic waste particles released from the western 

side closely mirrored those from the eastern side, indicating consistent transport pathways 

dominated by northeastward currents. 
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Fig. 7. The particle trajectory patterns (L1-T) during the first transitional season on days 

(a) 1, (b) 10, (c) 20, and (d) 30 

 

 

 

 

 

 

Fig. 8. The particle trajectory patterns (L2-B) during the second transitional season on 

days (a) 1, (b) 10, (c) 20, and (d) 30 

 

 The plastic waste particles released in November generally move from the northeast 

direction. On the first day, the particles originate from the northeast, with some coming 
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DISCUSSION 

from Kabung Island and Big Penata Island. After 10 days, the plastic waste particles 

begin to spread, with some originating from the coastline of West Kalimantan and others 

dispersing from the northwest. By the 20th day, the distribution of plastic waste particles 

becomes more uniform.  

Fig. 9. The particle trajectory patterns (L2-T) during the second transitional season on 

days (a) 1, (b) 10, (c) 20, and (d) 30 

        On the 30th day, the plastic waste particles from the northeast are spread from 

Singkawang to Pemangkat, with a river in Pemangkat suspected to be one of the sources 

of plastic waste. The distribution pattern of plastic waste particles in the western part 

(Fig. 8) exhibits a similar pattern to that of the eastern part (Fig. 9), characterized by a 

bifurcated pattern forming from the north and south, with the overall dispersion primarily 

originating from the northeast. This observation highlights the interconnectedness of the 

marine debris dynamics in the region, emphasizing the influence of local geographical 

features and currents on the movement of plastic waste. 

1. The density of marine debris  

 We suspect that the high density of marine debris in Cina Bay is linked to intensive 

human activities and tourism, which act as major local sources of waste. In terms of 

proximity, Cina Bay is also the closest site to the Pemangkat River. Previous studies have 

shown that rivers and settlements are significant contributors of debris to aquatic 

environments (Cordova & Nurhati, 2019; Iskandar et al., 2021; Dobler et al., 2022).      

This situation is further exacerbated by the harmful impacts of debris, which can 

physically injure aquatic organisms (e.g., digestive tract blockage, mechanical damage) 

and also act as vectors for toxic pollutants that accumulate through the food chain (Noor 

et al., 2025; Purnama et al., 2025; Sadiq & Al-Hejuje, 2025). Unfortunately, debris 

emissions from the Pemangkat River—and from other rivers in West Kalimantan—have 

not yet been quantified, warranting further study. Globally, Lebreton et al. (2017) 
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estimated that at least 2.4 million tonnes of plastic waste enter marine systems annually 

from land, with rivers acting as major conduits of marine debris. Evidence from 

Indonesia confirms that national rivers significantly increase marine debris loads 

(Cordova & Nurhati, 2019; Dobler et al., 2022). Furthermore, estuarine dynamics play 

a role in debris retention: macro debris can be temporarily trapped in river estuaries by 

tidal forces (van Emmerik et al., 2020) before being flushed into the sea under stronger 

flows or low tide conditions (Lorenzi et al., 2020; van Emmerik et al., 2020). 

        Conversely, beaches located far from settlements and with low tourism activity, such 

as West Melano Bay, displayed minimal debris accumulation. In such areas, potential 

waste input from human populations is reduced. This aligns with findings by Hardesty et 

al. (2017), who reported a strong correlation between marine debris density and local 

population size. 

  Two key factors drive higher debris weights at Cina Bay and Melano Bay: dense 

tourism activities and higher population concentrations. Tourism, in particular, strongly 

influences debris accumulation. This trend has been corroborated by research conducted 

in Geoje Island, South Korea (Jang et al., 2014); along the South China Sea (Zhao et al., 

2015); the Great Barrier Reef, Australia (Wilson & Verlis, 2017); Tidung Island, 

Indonesia (Hayati et al., 2020); and Bali, Indonesia (Suteja et al., 2021b). Similarly, 

studies in Australia established a strong link between debris accumulation and local 

population density (Hardesty et al., 2017; Horpet et al., 2021). In contrast, West Melano 

Bay recorded the lowest weights (0.13g/ m² during the second monsoon break and 1.27g/ 

m² during the first), reflecting limited tourism and sparse populations (Adu-Boahen, 

2024). 

        This study further revealed that during the second monsoon break, the ranking of 

stranded debris weights was: Melano Bay < Surau Bay < West Melano Bay < Cina Bay. 

In the first monsoon break, the ranking was: West Melano Bay < Surau Bay < Melano 

Bay < Cina Bay. These results confirm that Cina Bay and Melano Bay represent the 

primary hotspots for debris accumulation on Lemukutan Island. Overall, debris weight 

was significantly correlated with debris abundance. 

2. Category of marine debris 

       This outcome aligns with the global rise in plastic consumption, which reached 368 

million tonnes annually in 2019 (PlasticsEurope, 2020; Zhang, 2021). On Lemukutan 

Island, the most frequently observed debris types were plastic wrappers (21.1%), plastic 

fragments (16.3%), plastic cups (15.3%), and plastic bottles (12.5%). This composition 

provides new insights into debris subcategories during the transitional season. It contrasts 

slightly with findings from Suteja et al. (2021b), where plastic bags, straws, and cups 

dominated. In addition, current findings contradict observations from nine rivers 

discharging into Jakarta Bay, where styrofoam was the most common plastic type 

(Cordova & Nurhati, 2019). 

3. Clean-coast index (CCI) 

 Cina Bay hosts numerous homestays and serves as the island’s main docking area, 

acting as a gateway for visitors (Kushadiwijayanto et al., 2017; Apriansyah & 

Atmadipoera, 2020; Rudianto et al., 2020). Its northern position makes it the first 

coastal zone to receive currents from the Natuna Sea/South China Sea 

(Kushadiwijayanto et al., 2017; Apriansyah & Atmadipoera, 2020), thereby 
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increasing its potential as a debris accumulation site. The heavy accumulation observed 

here during both sampling periods poses a risk to local tourism. 

 Tourists strongly associate beach cleanliness with destination attractiveness, 

influencing perceptions of safety, comfort, and overall appeal (Hardesty et al., 2017; 

Wilson & Verlis, 2017). Clean environments tend to attract more visitors and improve 

tourist satisfaction, whereas polluted beaches can deter travel and harm local economies. 

This highlights the need for government, communities, and stakeholders to strengthen 

waste management and raise awareness. Beaches that maintain a clean status year-round 

are likely to see increased tourism, whereas dirty beaches deter visitors. Empirical 

research confirms that cleanliness is a critical determinant of destination selection, with 

cleaner beaches linked to higher revenues (Tuda et al., 2019; Williams et al., 2020), 

while polluted beaches decrease visitor satisfaction and repeat tourism (Jang et al., 

2021). 

       The CCI results from this study indicate that Lemukutan Island’s beaches are cleaner 

than those of South China Sea beaches (Zhao et al., 2015), the eastern Chinese coastline 

(Fahrenfeld et al., 2019), the southwestern Luzon coast in the Philippines (Paler et al., 

2019), Tidung Island (Hayati et al., 2020), Penang Beach, Malaysia (Fauziah et al., 

2021), and southern Bali (Suteja et al., 2021b). Variations in CCI are influenced by 

multiple factors, including industrial activity, river discharge, runoff, population 

dynamics, tourist volume, seasonal patterns, waste management practices, and coastal 

geomorphology (Vlachogianni et al., 2018; Chen et al., 2020; Mghili et al., 2020; 

Mugilarasan et al., 2021). 

4. Near-surface circulation and trajectory analysis 

   Trajectory simulations confirm that the movement of plastic debris released from 

Lemukutan Island is strongly influenced by ocean currents, with debris predominantly 

transported toward the Pemangkat River estuary. This highlights the estuary as a critical 

pathway for plastic pollution into surrounding waters. Strengthening monitoring and 

waste management along the Pemangkat River is therefore essential, alongside fostering 

collaboration between government agencies and local communities to mitigate riverine 

plastic inputs. 

   Equally important is the implementation of educational initiatives to enhance public 

awareness of the ecological and socio-economic impacts of marine debris. Such efforts 

can promote environmental stewardship, reduce waste accumulation, and support the 

development of more effective and sustainable policies for marine ecosystem 

management. 

 

 

 
    This study effectively identified the abundance and characteristics of marine debris 

washed ashore at four coastal locations on Lemukutan Island, Indonesia, while also 

assessing the origins of this debris through a numerical modeling approach. The findings 

revealed that both the geographical positioning of the coastline in relation to the 

surrounding waters and the increasing activities associated with residents and tourism 

significantly impact the prevalence of marine debris. Notably, plastic debris emerged as 
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