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Despite growing global concerns, there has been limited research on the
characterization and distribution of microplastics in the Indonesian
Throughflow (ITF) pathways, such as the Flores Sea. The Flores Sea is a
component of the Indian—Pacific Current, a significant ocean current system
that links the Pacific and Indian oceans and has the capacity to carry pollution
over large marine ecosystems, making this research extremely important.
Understanding the microplastic pollution in this area informs local
environmental management. It provides insights into how these currents may
distribute microplastics (MPs) across regional and global scales, impacting marine
life and human health far beyond the immediate area. To respond to these
concerns, this research aims to determine the characterization and distribution
of MPs at six research sites in the Flores Sea that are precisely located within the
ITF. This work exhibits an extensive dataset focusing on the occurrence,
attributes, and dispersion of microplastics in the Flores Sea. The water
sampling was carried out during a Jala Citra 3 by the Indonesian Navy from
Aprilto May 2023. Sea surface water samples were collected using a Neuston net,
while sediment samples were taken from three stations at the shallowest depth
using the Ekman Grab sampler. Additionally, abundance, size, shape, and color
analyses were conducted using a light microscope, and microplastic types were
identified through Raman spectroscopy. The results indicated that the Flores Sea
waters and sediment are polluted with microplastics, with relative abundances
ranging from 0.75 + 0.49 to 2.13 + 0.25 items/l samples. The most dominant
shapes identified were filament (77.45%) and fragment (13.40%), with sizes
varying between surface water 4.70 to 3799.25 um and seabed from 67.20
mm to 2176.87 mm, while black (30.07%) and blue (24.51%) were reported as the
common MPs colors. The identified polymers include PET and PE. This study
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confirms visual evidence of microplastics in the open waters of eastern
Indonesia. While it may not fully capture the wide range of temporal variations,
it establishes initial microplastic presence and dispersion levels. Given that the ITF
influences both the Pacific and Indian Oceans, this research contributes to the
global understanding of microplastic distribution across ocean basins,
underscoring the need for coordinated international efforts to address

marine pollution.
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Jalacitra Expedition, marine litter, anthropogenic pollution, polymer, ocean circulation,
Indonesian seas, ocean health

1 Introduction

Marine debris or marine litter is a term used to refer to materials or
substances discarded by humans that are introduced into marine
environments, whether intentionally or unintentionally (Browne
et al,, 2011; Iniguez et al,, 2016; Thushari and Senevirathna, 2020).
This problem contributes to a decline in ocean health and has far-
reaching impacts on human life (Chiba et al., 2018; Smith et al., 2018).
Among the various types of debris typically observed in the marine
environment, plastics and foams stand out as significant contributors
(Cozar et al,, 2014; Chiba et al., 2018; Faizal et al., 2022a). Macroplastics
deteriorate into smaller fragments referred to microplastics (MPs),
through a stressor (oxidation, photodegradation, and hydrolysis) in the
ocean (Kameda et al, 2021). Microplastic is categorized into small
particles with a size of < 5.00 mm that have been found in various
marine environments and transported through external conditions
(Lebreton et al., 2012; Kameda et al, 2021; Faizal et al, 2022a).
Microplastics can move vertically to deep layers and accumulate in
the seabed. This movement is influenced by various factors, including
the size and buoyancy of microplastics, ocean currents, and interactions
with marine organisms. As microplastics settle onto the seabed, they
may integrate into sediment layers. The presence of microplastics on
the sea surface and sediment can impact the biogeochemical processes
of the ocean and impact the sustainability of marine biodiversity
(Kershaw et al., 2019; Purba et al., 2020; Sevwandi Dharmadasa
et al,, 2021; Zhang et al,, 2023). However, a critical knowledge gap
remains regarding the specific characterization and distribution of
microplastics in under-studied regions like the Indonesian
Throughflow, particularly in the Flores Sea. This study addresses that
gap by providing baseline data that is essential for understanding how
microplastic pollution is distributed in these globally significant waters.
This global issue is particularly relevant to Indonesia, where the
pervasive problem of plastic pollution is a growing concern. As part
of the Indonesian Throughflow, the Flores Sea has a unique
oceanographic setting that makes it important to investigate the
presence of microplastics in great detail. This will help with both
regional efforts to protect the environment and world efforts to
control pollution.
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Indonesia has become one of the world’s leading contributors to
plastic debris pollution (Jambeck et al., 2015) and this raised the
attention of the government which developed a national action plan
on plastic debris (Vriend et al., 2021). Despite these efforts, research
on microplastics in the water column remains notably limited in
Indonesia. A study by Cordova and Wahyudi (2016) observed
several types of microplastics in the seabed near Sumatera Island.
Fragments were the most common type, followed by fibers and
films that were identified in the east Java Island seabed (Yona et al.,
2019). Furthermore, the waters in the eastern Indonesia region are
the main sources for the production of fisheries in Indonesia (Khan
et al, 2023). The presence of microplastics might impact the
sustainability of fisheries, as the potential health risks of
microplastics might pose potential health risks for consumers
(Rist et al., 2018). Microplastics were detected on the sea surface
as fragments, fiber, and films in the Savu Sea, East Tenggara (Hiwari
et al,, 2019). A similar study has found fibers (45.45%), granules
(36.36%), and other plastic forms (18.18%) in the water column in
Sumba waters (Cordova and Hernawan, 2018). While microplastics
have been detected in the surface waters in the eastern Indonesian
region, less is known about their presence in deeper layers and on
the seabed, especially in strategic locations such as the Flores Sea,
which is directly influenced by the Indonesian Throughflow (ITF).
Thus, further investigation is needed into their potential upstream
distribution and characterization due to the strategic location of the
eastern Indonesian waters within the complex circulation pattern of
the ITF. The ITF, which transports water mass and heat from the
Pacific Ocean to the Indonesian Ocean, results in an increase in sea
surface temperature and turbulent mixing, affecting carbon, oxygen,
and nutrient levels (Taufiqurrahman et al, 2020). The elevated
temperature and changes in ocean chemistry might potentially
influence the physical breakdown of macroplastics into
microplastics and lead to the accumulation of microplastics in the
ocean (Wang et al., 2020).

To assess the microplastic characterization and distribution in
the unique circulation pattern of the ITF, the Flores Sea was
investigated. The Flores Sea is located in the transition region of
ocean currents from the Makassar Strait, Java Seas, and the Indian
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QOcean (Putriani et al., 2019). Given its distinct location, this zone is
crucial to comprehending the distribution of contaminants, such as
microplastics, throughout extensive oceanic systems. Research in
this field offers important insights into the widespread effects of
pollution in an area that is crucial for both the environment and the
local economy. Furthermore, this region is a fishing ground,
particularly for small pelagic, large pelagic, demersal, and reef
fish, as well as various species of crustaceans, mollusks, other
aquatic organisms, and aquatic plants such as seaweed. In terms
of management, the Flores Sea falls within the Fisheries
Management Area 713 (WPPNRI 713). The Directorate General
of Capture Fisheries (2016) reported that in 2014, WPPNRI 713
contributed to the second-largest fish production in Indonesia,
accounting for 12.43% of the national total production (6,037,654
tons) (Koeshendrajana et al., 2016). Despite its significant potential,
the Flores Sea faces global challenges related to marine pollution,
particularly from microplastics that accumulate in the waters and
pose threats to marine life and human health. These microplastics
originate from various sources, including poorly managed plastic
waste and degraded consumer products. Regarding the impact of
microplastic transport, it has been observed that ocean circulation
and wind conditions have a strong impact on the spread of
microplastics (Rahmania et al, 2021). It has been observed that
debris in Indonesian seas originates not only from the terrestrial
environment but also from the surrounding seas (Attamimi et al.,
2015; Purba et al., 2021). Previous research reported that the spread
of marine debris in the eastern seas of Indonesia is dominantly
caused by ocean circulations, local tides, waves, and wind patterns
(Hiwari et al., 2019; Faizal et al., 2022b). Microplastic distribution
and characterization in the Flores Sea, located in the ITF, has never
been investigated.

10.3389/fmars.2024.1440587

In this study, we systematically investigated the types and
abundances of microplastics present in surface waters and seabed.
The Indonesian Navy hosted the Jala Citra 3 expedition (2023), with
one of its primary objectives being to identify microplastics in both
seawater and the seabed. This study represents a microplastic
research investigation in both surface water and seabed sediments
in the Flores Sea. This comprehensive study will provide
information for future environmental assessments and policy
development related to mitigating marine debris in Indonesian
seas, especially in the Flores Sea and its surroundings.

2 Materials and methods
2.1 Geographic location

Geographically, the region of the Flores Sea is located between
Flores Island and South Sulawesi Province. The depth of the Flores
Sea ranges between 300 and 5,500 m, with the maximum depth at
the southern site (Site 5) (Figure 1). On its western boundary, it
connects to the Java Sea and the eastern side of the Banda Sea.

The western part of the Flores Sea is the area of intersection of
the main ocean currents originating from the Makassar Strait.
Surface wind primarily influences water circulation in the upper
layer, whereas, in the thermocline layer, sea level differences play a
significant role. The primary axis of the ITF consistently shifted
along the southern region of the Flores Sea, predominantly
characterized by its zonal component (Putriani et al, 2019).
Furthermore, this region is affected by monsoon situations that
occur periodically, with eddies and upwelling in the Flores Sea and
surroundings (Nuzula et al., 2016).
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FIGURE 1

Geographical regions of Flores Sea overlayed with bathymetry and station sampling. Microplastic sampling sites on the surface (1-6) and seabed (a-c)
are shown. Seabed samples were taken from three sites, including site 2 with a depth of 1,145 m, site 3 with a depth of 850 m, and site 4 with a

depth of 500 m.
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2.2 Sampling method

Sampling was carried out in the Indonesian Flores Sea from
April to May 2023 as a part of the Jala Citra 3 expedition. In 2023,
microplastic sampling was carried out at Stations 1 and 2 on
Wednesday, 26 April; Station 3, Thursday, 27 April; Station 4,
Friday, 28 April; Station 5, Saturday, 29 April; and Station 6,
Wednesday, 3 May. There are six datasets from the surface water
and only three from the seabed due to the ocean conditions during
the expedition. Seawater sampling was carried out by lowering a
bucket from the vessel and collecting approximately 20-30 L of
water. The collected water was subsequently filtered on the ship
using Neuston nets with a mesh size of 0.3 mm and 30 cm diameter
in order to capture the minute particles and organisms in the
seawater. The plankton net was rinsed using distilled water, then the
collected distilled water was stored in a sample bottle for later
observation in the laboratory. This filtration process guaranteed
that the samples were free of pollutants and ready for further testing
for water quality and biological composition. The Neuston nets
were rinsed externally with decontaminated water to prevent any
contamination and stacked along the net during the sampling.
Samples were collected using a Neuston net with a 0.3 mm mesh
size and then deposited into washed glass bottles (Cutroneo et al.,
2020; Kieu-Le et al., 2023). Following the sampling process, all the
observers used latex gloves during sampling activities to avoid
contamination. Each sample was placed into covered glass bottles.
Once cleaned, the net was available for subsequent sampling
sessions (Cutroneo et al.,, 2020). For sediment from the seabed,
the samples were collected using a grab sampler tool. The sampler
utilized has a diameter of 107 cm and a radius of 53.5 cm, making it
a half-circle. Approximately 100-500 g of sediment was collected at
each site and kept in a zipped plastic bag. All the samples were
stored in a ship cooler at -17°C before being transported to the
laboratory for analysis. This low temperature helped preserve the
original condition of the samples, especially when dealing with
organic matter and microplastics. Freezing the samples minimized
the risk of contamination, ensuring that any volatile compounds
were retained, and stabilized the samples for accurate laboratory
testing later on. All components were thoroughly washed with
distilled water, and procedures were performed in the sterilized
laboratory to prevent contamination.

2.3 Sample preparation

The extraction of the surface water samples followed the
method of the National Oceanographic and Atmospheric
Administration (Masura et al., 2015). Sea surface water samples
were dissolved in a 10% potassium hydroxide (KOH) solution,
which was prepared by dissolving KOH flakes in aquadest. The
samples were then treated with a 10% potassium hydroxide (KOH)
solution at a ratio of 1:3. The mixture was stirred for 10 min at room
temperature and left to sit for 24 h or until the organic matter
dissolved. This was done once for each sample to destroy the
organic particles and leave the microplastic particles. The
extraction of sediment samples was adopted from several
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publications (Zobkov et al, 2020), and sediment samples were
dried at 60°C for 8 h. Samples were then subjected to 300 ml of
46% NaCl solution for density separation. Density separation
utilizes the buoyancy of plastic particles in solutions with
densities higher than those of the plastics (p = 0.9-1.6 g/cm?),
allowing soil minerals such as silica (p > 2.0 g/cm?) to remain at the
bottom. To prepare such a solution, weigh 20 g of NaCl and dissolve
it in water until the total volume reaches 100 mL. A saturated NaCl
solution (p = 1.2 g/cm?) is particularly effective for separating low-
density polymers such as PE, PP, and PS from soil mineral matrices
due to its affordability, availability, and environmental safety. This
method is also suitable for separating polymers such as PET (p =
1.3-1.6 g/cm®) and PVC (p = 1.1-1.6 g/cm®). Furthermore, the
degradation of organic matter for sediment samples was carried out
using an oxidative degradation method with 30% H,O, until all-
natural organic matter was digested. Then, a 3% HCI solution was
added to dissolve the remaining chitin fractions and other
mineralized solids.

The samples were then agitated using a magnetic stirrer for 30
min until the supernatants were created. Preserved sea surface water
and sediment samples were then poured through a vacuum filter
using cellulose filter paper within a Buncher funnel. Both sets of
samples were then filtered through a Whatman Grade 42 filter
paper, a high-quality cotton linters-based filter material, which has
a diameter of 42.5 mm and a thickness of 200 m. The filter offers a
pore size of 2.5 um, suitable for fine particle retention, with a basis
weight of 100 g/m”. It has a wet burst pressure of 0.40 psi. The ash
content is minimal at <0.007%, ensuring low contamination for
precise filtration applications. The filter was then transferred to a
rinsed petri-slide for drying. The filter paper was then removed,
dried, and ready for further analysis. The filtered microplastics were
observed by moving the particles, utilizing tweezers without
counting the biological structure in the filter paper as described
previously (Li et al., 2019). Due to the microplastics not being
uniform, only 80% of the most abundant microplastic shapes
were analyzed.

2.4 Microplastic quantification
and identification

The filtered microplastic particles were visualized under a
microscope (Carl Zeiss Microscopy GmbH Konigsalle 9-21 37081
Gottingen, Germany) connected to a camera (Zeiss/Axiocam 105
Colour) at a magnification of 40x and the particle images were
counted for abundance analysis. The rules of misidentification of
microplastics and contamination identification were subject to the
method described previously (Curren and Leong, 2019).
Microplastic abundance was presented in item L-1 for the
seawater samples and item g-1 for the sea bed samples. The
filtered seawater was observed under 40x magnification, ensuring
no organisms were present (Curren and Leong, 2019). Microplastic
morphology was categorized into seven sizes based on their length.
Microplastics were identified based on color and shape and then
measured for size on the longest dimension as described in the
previous protocol (Kershaw et al., 2019). The microplastics were
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visually observed through microscopy to categorize their size and
color including the absence of visible cellular or organic structures,
thick fibers, and particles that demonstrated a consistent color
(Kershaw et al, 2019). In the smallest size range of 1-40 pm,
particle sizes vary between 4.704 um and 37.247 pm, with
fragment-shaped particles, which are typically small, irregularly
shaped pieces broken off from larger objects, ranging in size from a
minimum of 4,704 pm to a maximum of 207,628 um. In the 40-60
um size range, the sizes range from 40.739 pm to 55.339 pm, while
in the 60-80 um range, the sizes range from 61.886 pum to 76.289
um. Filament-shaped particles, which are long, thin fibers like those
found in textiles or fishing nets, span a size range from 18,562 um to
3,799,246 um.

Furthermore, in the 80-100 um size range, particle sizes range
between 80.342 pum and 99.253 um, while the 100-500 pm size range
shows variation between 102.854 um and 493.4 pm. Film-shaped
particles, which are flat, flexible sheets with smooth or angular edges
like plastic wraps, range in size from 26,387 um to 858,405 um. In the
500-1000 um range, particle sizes vary from 502.589 um to 992.411
um, and pellet-shaped particles, which are small, rounded granules
with a smooth or granular surface often used as raw materials in
plastic production, have sizes ranging from 4,984 um to 81,488 um. In
the largest size range of 1000-5000 um, particle sizes vary between
1,027.724 pm and 3,799.246 pm. These size ranges reflect the
significant variation in the sizes and shapes of microplastic
particles, each with unique physical characteristics. We analyzed
the polymer identification of approximately 30% of the particles
and selected a different morphology of particles (Hendrickson et al.,
2018). The microplastic polymers were identified using the Micro-
Raman method. Microplastics were placed into the sample chamber
and read using a Micro-Raman machine. (Horiba Jobin Yvon-
LabRam HR Evolution, Longjumeau, France) with a 785 nm
excitation laser and integration times of 7 s to several minutes.
Areas representing ND filter and an accumulation of 25% of the
total surface were conducted to determine the polymer type (Horiba
Jobin Yvon-LabRam HR Evolution, Longjumeau, France).

2.5 Quality control

To ensure the precision of the results, the Neuston nets and
Ekman Grab samplers were calibrated before sampling, using
recognized reference materials to validate their effectiveness in
identifying microplastics. Furthermore, the light microscope and
Raman spectroscopy equipment underwent calibration using
established standards prior to analysis in order to verify the
accuracy of size, shape, and polymer identification. Furthermore,
to prevent contamination in laboratory analysis, glass and metal
labware were used following previous protocols (Curren and Leong,
2019). The lab bench was cleaned with ethanol before each process
to remove any present particles from the workspace. During the
analysis, the glass and metal labware were used and thoroughly
washed with deionized water to prevent contamination or cross-
contamination of samples. The sample containers were covered
with glass lids to prevent airborne contamination. Furthermore, in
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the laboratory setting, during the analysis of microplastics, it was
imperative for the individuals involved to wear appropriate attire.
This included using cotton lab coats, which were preferable to
minimize the risk of static charge and potential contamination, and
latex gloves to maintain a sterile and controlled environment
(Cutroneo et al., 2020).

2.6 Statistical analysis

Using SPSS v24.0, we performed a one-way ANOVA with
Tukey’s Honestly Significant Difference test (p = 0.05) to evaluate
the influence of research station location on different MP properties
in water and sediment samples. Significant variations in the
abundance of films, pellets, and filaments between stations were
found by the analysis, with F-values above the crucial F-value
(Ftab). The MP abundance in the water and sediment samples
was analyzed using a one-way ANOVA with Turkey’s Honest
Significant Difference test (p=0.05) using the SPSS v24.0 software
(Advanced Concurrent User Edition, SPSS Inc, Chicago, IL, USA).

3 Results

3.1 Qualitative of abundance and
distribution of Microplastics
Resource Identification

Microplastics were observed in each replicate from the samples
collected at six sampling sites from the Flores Sea (Figure 1). The
abundance of microplastic ranged from 0.84 items L™ to 2.24 items L'
in the surface waters and 0.84 items g™ to 2.75 items g™ in the seabed
(Figure 2; Supplementary Information 1). As shown in Figure 2, the
abundance of microplastic was highest in the surface water of Site 2
(2.23 £ 0.25 items L), followed by Site 4 (1.43 £ 0.1 items 1) whereas
the lowest abundance was found at Site 5 (0.75 + 0.49 items L") in the
Flores Sea. Among the seabed sampling sites, Site 4 had the lowest
abundance with 0.84 items g, and Site 3 had the highest abundance
of 2.75 items g'. Our result demonstrated the presence and
widespread distribution of microplastics in the Flores Sea.

3.2 Characterization of microplastics from
the surface water and seabed of the
Flores Sea

The color variations were generally slightly different between
surface water and seabed. In the surface water, microplastics of eight
colors were observed in the sea: blue, brown, black, red, yellow, gray,
green, and transparent. Microplastics in the seabed were observed
in blue, brown, black, red, and yellow. Blue, brown, black, red, and
gray microplastics were found across all research sites, while yellow,
green, and transparent microplastics were specific to certain
locations. Yellow was identified at Sites 1, 2, 3, and 4; green at
Sites 2, 5, and 6; and transparent at Sites 1, 2, and 4 (Figure 3;
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FIGURE 2
Microplastic abundance in the surface water and seabed of the Flores Sea.

Figure 4; Appendix 2). The ANOVA statistics showed a significance
level of 0.05 indicating that the calculated F-value (Fcalc) was
greater than the critical F-value (Ftab). This suggests that the
research station location significantly affected the quantity of
microplastics in filament, pellet, and film forms. However, for
microplastics in fragment form, the Fcalc value was less than the
critical F-value, indicating that the research station location did not
significantly impact the quantity of fragment microplastics.
Additionally, when examining the colored microplastics (blue,
brown, red, yellow, grey, green, and transparent) from Stations 1
to 6, the Fcalc values were smaller than the Ftab. Thus, the research
station location had no significant influence on the quantity of these
colored microplastics. However, for black-colored microplastics, the
Fcalc value was greater than the critical F-value, indicating that the
research station location significantly affected the quantity of black-
colored microplastics. For microplastic size categories 1-40 pm and
80-100 um from Stations 1 to 6, the Fcalc values were greater than
the critical F-value, suggesting a significant impact of the research
station location on the number of microplastics in these size ranges.
Conversely, for microplastics sized between 40-1,000 um and 1,000-
5,000 um, the Fcalc values were smaller than the Ftab, indicating no
significant difference in microplastic size across these six stations.
Finally, the analysis of microplastic abundance from Stations 1 to 6
resulted in Fcalc values smaller than the critical F-value, implying
that the research station location did not significantly affect the
quantity of microplastics based on abundance. Microplastics found
in the seabed were not subjected to statistical analysis because the
samples only came from three stations (Stations 2,3, and 4, as
denoted by a, b, and c in Figure 1). Thus, the number of samples was
limited and no repetitions were carried out.

The microplastics identified in the surface water were
filaments, pellets, fragments, and films (Figures 3, 4). Filaments
and fragments were found at all sites. Film was found at four sites,
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and pellets were only found at two sites in the central region (Sites
2 and 3). Filament-shaped microplastics were significantly more
abundant compared with fragments, films, and pellets. The
microplastics identified in the seabed were in the form of
filaments and fragments.

The microplastics identified at each site on the water surface
varied in size and were categorized into seven size classes,
measuring between 1-40 um to 1000-5000 pum. The microplastics
found at depths of 500 to 1,145 meters were larger than the
microplastics on the water’s surface. The microplastics found at a
depth of 500 meters (Site 4) were filament-shaped and were blue,
black, and yellow, with sizes ranging from 375.143 um to 1,005.008
pm. At a depth of 850 meters (Site 3), they were filament-shaped,
appearing in blue, black, and yellow, with sizes ranging from 67.197
um to 2,176.87 um. Finally, at a depth of 1,145 meters (Site 2), they
were filament-shaped, with colors of blue, black, and yellow, and
sizes ranging from 110.439 um to 1,562.58 um. Microplastics on the
seabed of the Flores Sea were relatively more abundant and larger
than on the surface, requiring a long time to degrade into smaller
sizes. Microplastics dispersed on the surface of the Flores Sea,
especially those of tiny sizes, are a concern as they may be
consumed by zooplankton. The abundance of MPs did not
exhibit any significant change. The F-values were smaller than
Ftab, which shows that the abundance of most of the colored
microplastics (blue, brown, red, yellow, grey, green, and
transparent) did not differ significantly across stations.
Nonetheless, the station placement had a considerable impact on
black-colored microplastics, with F-values larger than Ftab. Strong
differences were seen in microplastic diameters of 80-100 um and 1-
40 pm, with F-values larger than Ftab, indicating a strong influence
of station location. Nevertheless, microplastics with F-values
smaller than Ftab and sizes between 40-1000 wm and 1000-5000
um did not exhibit any significant change. Overall, since the
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FIGURE 3

Microplastic found in the Flores Sea (A) filament, (B) pellet, (C) fragment, and (D) film.

F-values were smaller than the Ftab, there was no discernible
variation in the amount of microplastics across stations. Seabed
microplastics were not included in the statistical analysis since there
were not enough repetitions in the small number of sediment
samples (from only three locations).

The distribution of black microplastics remained consistent at
Stations 1, 4, and 6, but diverged at Stations 2, 3, and 5. Moreover,
the proportion of blue microplastics ranged from 7.07% to
37.50%, with the lowest found at Site 3 and the highest at Site 5.
Brown microplastics varied from 5.56% at Site 6 to 27.06% at Site
3, while red microplastics ranged from 1.85% at Site 6 to 7.50% at
Site 2. Gray microplastics ranged from 5.56% at Site 1 to 31.52% at
Site 3, while black microplastics ranged from 13.13% at Site 2 to
50.00% at Site 6. Yellow microplastics ranged from 1.67% at Site 4
to 7.30% at Site 2, and green microplastics ranged from 1.09% at
Site 2 to 6.29% at Site 5. Transparent microplastics ranged from
1.67% at Site 4 to 5.13% at Site 2. In the seabed, microplastics in
five colors—blue, brown, black, red, and yellow—were observed.
At Site 2, blue, black, and yellow microplastics were found; at Site
3, black and red microplastics; and at Site 4, blue and
brown microplastics.

3.3 Polymer Identification of
the Microplastics

MPs found in the Flores Sea have different types of polymers
depending on the chemical structure. Chemical bands and chemical
environments where the MPs are located have different vibration
energies and produce different bands on the Raman spectrum. The
identification result shows the types of plastic that are distributed in
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the surface water and seabed Flores Sea were polyethylene
terephthalate (PET/PETE) and polyester (PE) film, and another
material identified was cellulose. The color material used in
polyethylene terephthalate is Terre Verte and the chemical
structure and spectrum are shown in Figure 5.

The most predominant polymer found at the study site was
PET/PETE, which is a thermoplastic resin belonging to the
polyester group. It is produced within the chemical industry and
finds applications in synthetic fibers, beverage bottles, and food
containers. Polyester film is a plastic film derived from the polymer
PET. PE is a synthetic fiber material that was discovered in 1941 by
John Rex Whinfield. This material boasts high strength, resistance
to chemicals, elasticity, excellent flexibility, durability, and
recyclability. It can be utilized in various industries, including
packaging, printing, and electronics.

4 Discussion

This study represents the first report on microplastics in the
layers of the ocean in the Flores Sea. Results from this study revealed
that elevated levels of microplastics were observed in surface water
compared to the seabed across six different sites, including three
seabed sites, within the West Nusa Tenggara Province and South
Sulawesi Province. The site with the highest abundance of
microplastics in all surface water samples (2.13 + 0.25 items L)
was identified in the central region (Site 2), located northwest of
Batuata Island. Notably, Kupang Bay exhibited a substantial
abundance as well, with 0.1033 items L™ during high tide and
0.0725 items L™ during low tide (Kapo et al., 2020). Furthermore,
an abundance of 1.03 items L' was found on the water surface at
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FIGURE 4

Percentage of MPs by shape, color, and size at the six surface sites (1-6) and three seabed sites (A-C).

Bala-Bakang islands, Mamuju, West Sulawesi (Putra, 2019). In
sediment at Site 3, 2.75 items g™' at a depth of 850 m was
recorded, compared to 0.110 item g™' at Bala-Bakang islands,
which was the highest record in the deep sea. Previous research
showed that near Kupang (Station 6), the abundance of microplastic
was found to be 0.018 + 0.175 item L' in the surface water (Hiwari
etal, 2019). Thus, the high abundance of MPs in surface water and
sediment in the Flores Sea was derived from human activities. To
the northwest of the Flores Sea is the city of Makassar, where
previous research has found that this area produces microplastics
from river inputs (Faizal et al., 2021; Wicaksono et al., 2021). Recent
studies indicated that fibers, fragments, pellets, and foams are the
types of microplastics in the waters of Indonesia (see Table 1). Our
findings are consistent with observed trends of microplastics in
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Indonesia, highlighting gaps in the identification of small particles
in the water column.

The local hydrodynamic conditions, including ocean currents,
wind, tides, and eddies, can have a substantial impact on the
dispersion and deposition of microplastics at individual study
sites. The ITF is a significant driver for the dispersion of marine
debris in the Flores Sea. This extensive hydrological system affects
the dispersion of marine debris over very long distances and can
result in fluctuating levels of microplastics at different sites.
Microplastic distribution and spreading due to complex
oceanographic characteristics correspond with wind-driven
currents (Nuzula et al.,, 2016). The Flores Sea, located in
Southeast Asia, is part of the larger complex of seas in the
western Pacific Ocean. It is bordered by various islands, including
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FIGURE 5

Type of polymers identified in the Flores Sea. (A) Spectrum of PET. (B) Spectrum of polyester film.

Sulawesi, Flores, and Sumbawa, and it serves as a passage for water
exchange between the Pacific and Indian Oceans. The water flows
from the Java Sea and Makassar Strait through the Flores Sea to the
Banda Sea (Putriani et al,, 2019). Meanwhile, there are surface
eddies that influence circulation in this region. In this case, the
pathways of MPs on the surface might be transported to the eastern
regions (Banda Sea), and then stranded on the northern island due
to the circulation of eddies (Nuzula et al.,, 2016) (Figure 6). This
circulation and turbulence might influence the distribution of
microplastics in the water column, with each polymer such as
PVC, PE, and PET, having distinct molecular weights and densities
(Lusher et al., 2015; Barrows et al., 2018; Pan et al., 2019). It has
been reported that microplastics were transported from the surface
to the sub-surface over a period of time due to the higher velocities
occurring in surface currents compared to sub-surface currents in
the Bohai Sea (Dai et al., 2018). Taken together, the physical density
and shape of microplastic particles might determine their ability to
be distributed from the surface to the seabed, depending on the
oceanographic characteristics present.

The Flores Sea exhibits a complex and multifaceted circulation
pattern. In the Northwest Monsoon (NWM) (Figure 6A), ocean
currents predominantly flow towards the eastern part (Banda Sea),
accompanied by the circulation of eddies, adding to the intricate
dynamics of the region. The spreading of microplastics is influenced
by ocean currents originating from the Makassar Strait and Java Sea,
contributing to the dispersion patterns observed in the area. In the
Southeast Monsoon (SEM) (Figure 6B), the ocean currents also
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move towards the eastern side; however, the velocity is lower than
that observed in the NWM, further shaping the transport
characteristics of microplastics in the Flores Sea. This ocean
current system has the potential to transport marine debris,
including plastics and other pollutants, from Indonesia to other
countries in the region and beyond (Purba et al., 2021). The fast-
moving waters of the Indonesian Throughflow can carry debris over
long distances, increasing the likelihood that it will reach coastal
areas in neighboring countries and even more distant regions. This
process can contribute to the transboundary issue of marine
pollution, affecting Indonesia, the surrounding nations, and the
broader marine ecosystem. Indonesia’s seas are connected to the
Pacific and Indian Oceans; therefore, regional joint observations
are needed.

All the surface water and seabed microplastics were collected
from six different surface water sites and 3 seabed sites (Figure 4).
The heterogeneity of microplastic characteristics was measured in
size (Figure 4). The size of the microplastics was examined in this
study to determine whether the microplastics might pose a possible
biological risk due to microplastic pollution (Kobayashi et al., 2021).
We found that microplastics presented in four types, namely,
filaments, pellets, fragments, and film. Our result shows that
filaments represented the largest proportion of microplastics
observed in the surface waters and seabed, accounting for
approximately 40%, whereas the size of the filaments was larger
in the seabed at different depths (67.197 um - 1,005.008 pwm)
(Figure 4). Our result is consistent with previous findings where
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the abundance of filaments/fibers was found to be widespread in the
open ocean (Abayomi et al., 2017). Furthermore, our findings of the
prevalence of filament is consistent with the study by Desforges
et al. (2014), which found that filaments are the most-identified
microplastic type in the Pacific Ocean. The filaments identified in
this study are most likely derived from fishery and shipping
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tiny particles through photo-oxidation, biological processes, and
abrasion (Andrady, 2017; Cole et al., 2011). Thus, ocean currents
divert small particles or microplastics such as fibers, filaments, film,
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the seabed topography of the ocean features and ocean dynamics
may explain the existence of MPs in the deep sea (Kane et al., 2020).

4 sizes
3 sizes
4 sizes
7 sizes

NA
NA
NA

This is the first report to successfully demonstrate the distribution
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Plastic polymer components are commonly found in the sea

surface water and deep sea (Kane et al., 2020; Wang et al., 2022).
Analyzing microplastic chemical composition is a necessary
approach to elucidate the source of the microplastics identified in
the ocean. Our results demonstrate that PET was a major polymer
in the study area (Figure 5). Our findings are consistent with the
previous studies globally, which found that fiber/filament
compositions consist of PET, PE, PP, PVA, and PE (Browne
et al, 2011; Wang et al, 2022). Other studies in the waters of
Sumba found a similar composition to the findings in this research
(Cordova and Hernawan, 2018). It has further been reported that
PET is used in clothes and the components of ropes, nets, and
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Fibers, film, and pellets
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NA

fishing lines (Wang et al., 2020). The filament sources in this study
are likely fishing nets since the Flores Sea is one of Indonesia’s main
fishing grounds. PET degrades into particles with higher densities
that are likely to sink to the bottom of the ocean (Wang et al., 2022).
The vertical transport MPs is influenced by oceanographic
phenomena, including wind, storm, currents, and tides (Lusher
etal., 2015; Reisser et al., 2015). In this study, we demonstrated that
PET and PE were the types of polymers present in the Flores Sea
water columns and seabed. This indicates that the concern
regarding the region being polluted by microplastics is valid. MPs
have become ubiquitous in marine benthic environments within
open waters. It has been well-documented that microplastic
particles, such as biofilms, have been found in benthic organisms
such as shrimp and mussels (Li et al., 2019; Fernandez Severini
et al., 2020). The bacteria Photobacterium rosenbergii have been
observed colonizing the surface of microplastics found in the

Labuan Bajo-Gili Trawangan, West Nusa Tenggara, Indonesia
Sumba Waters, East Nusa Tenggara, Indonesia
Jakarta Bay, DKI Jakarta, Indonesia

Palu Bay, Central Sulawesi, Indonesia

Makassar, Indonesia

Kupang and Rote, East Nusa Tenggara, Indonesia
Southwestern Sumatera Waters, Indonesia

Banten Bay, Banten, Indonesia

Port Dickson, Kuala Terengganu, Kinabalu, Malaysia
Xialiao Beach, New Taipei City, Taiwan

Pearl River Estuary, Hongkong

Flores Sea, Indonesia

Singapore Strait (Curren and Leong, 2019). Microplastics have

also been found in the gastrointestinal tracts of fish and
zooplankton (Collard et al., 2017; Ory et al., 2017). Moreover, it
would be interesting to inspect the impact of microplastics on the

10
11
12

TABLE 1 Comparison MPs in other regions in Indonesian Seas and Global.

mega and microfauna on the seabed within this region.
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The presence of microplastics in the Flores Sea highlights the
urgent need for effective strategies to mitigate their effects.
Establishing long-term monitoring programs will provide
continuous data on the presence and distribution of microplastics,
essential for formulating policy grounded in robust evidence.
Community engagement and education are important in this
undertaking. By implementing public awareness campaigns and
coordinating community cleanup efforts, it is possible to
successfully reduce plastic waste and develop a proactive culture of
environmental responsibility. The need for international cooperation
is essential. Given that microplastic pollution often surpasses
geographic borders, developing and strengthening regional and
worldwide partnerships, participating in international agreements,
and supporting advanced solutions and technology for the
eradication and recycling of microplastics are essential actions. In
addition to the discussed observations and findings, it is crucial to
underscore the significance of the ITF within the framework of
microplastic contamination. The ITF is a substantial circulation
that arises from the Pacific Ocean, known for the existence of the
Pacific Garbage Patch. The oceanographic feature in question serves
as a significant conduit for marine garbage, particularly microplastics,
throughout the Indo-Pacific region. Positioned inside this flow, the
Flores Sea is a crucial location for monitoring and comprehending the
spread and consequences of microplastics. By considering its location
along the ITF routes, this region offers a crucial understanding of the
transportation and accumulation of microplastics from larger marine
currents. Hence, comprehensive evaluation and observation along
these routes are crucial for thoroughly addressing and reducing
marine debris contamination. The present study not only explained
the present condition of microplastics in the Flores Sea but also
emphasized the necessity for ongoing monitoring and future actions
to alleviate the impacts of MPs in the eastern Indonesian Seas.
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5 Conclusions

We identified MPs in the Flores Sea, revealing their presence in
both surface waters and the seabed, with variations in abundance,
shape, color, and size. The spatial trends suggest that MP abundances
are higher in the surface water. The microplastics in the Flores Sea
mainly originate from PET and PE polymers, the dominant
components being films, filaments, and fragments. The study also
highlighted the complex circulation patterns and oceanographic
characteristics of the Flores Sea, which play a significant role in the
distribution of microplastics. This study contributes to our
understanding of the distribution and characteristics of microplastics
in the Flores Sea. It is a vital reference point for future environmental
assessments and policy development to mitigate marine debris in
Indonesian seas, particularly in the Flores Sea and surrounding areas.
To identify patterns and comprehend the long-term effects on marine
ecosystems, regular monitoring of microplastic pollution in the Flores
Sea and other ITF-affected areas will be crucial. Research findings can
also be used to guide national and international policy actions,
including stricter regulation of the sources of plastic pollution and
the preservation of crucial marine habitats such as the Flores Sea.
Because the ITF affects both the Pacific and Indian Oceans, the results
of this study expand to our knowledge of how microplastics are
dispersed between ocean basins, highlighting the necessity of
concerted worldwide efforts to combat marine pollution.
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