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Even though Pacific — Indian Ocean exchange [Indonesian Throughflow (ITF)] has been measured for the last
three decades, the measurements of microplastic in the region is very limited. This study was the initial inves-
tigation of the vertical distribution of microplastic in the deep-sea areas across the ITF Pathway. Niskin water
samples were utilized to obtain the samples from a water column in a range of 5 to 2450 m. A total of 924
microplastic particles with an average abundance of 1.062 + 0.646. n/L were found in the water column. Our
findings indicate that water temperature and water density are the most significant factors correlated to the

microplastic concentration. This study will be the first report discussing the distribution of microplastics in the
deep-sea water column that could be highly significant in determining the fate and transport of microplastic
within Indonesian waters that exits into the Indian Ocean.

1. Introduction

Knowledge of the Pacific to Indian Ocean Exchange through the
Indonesian seas is essential for understanding the role of the ocean in
Earth's climate system. The Indonesian seas, with their complex geog-
raphy and narrow passages, provide the only pathway for low-latitude
Pacific water to flow into the Indian Ocean, a phenomenon known as
the Indonesian Throughflow (ITF) (Susanto et al., 2016) (Supplementary
material, Fig. S1). The ITF plays an integral role in global ocean ther-
mohaline circulation, directly impacting mass, heat, and freshwater
budgets of the Pacific and Indian Oceans. Additionally, it influences the
El Nino Southern Oscillation (ENSO) and Asian-Australian monsoons (e.
g., Bryden and Imawaki, 2001; De Deckker, 2016; Lee et al., 2002, 2019;
Lee et al., 2015; Sprintall et al., 2009, 2014, 2019). The ITF is also
crucial for downstream biogeochemistry (i.e., Ayers et al., 2014; Gor-
gues et al., 2007), and the variability of ocean heat-content in the Indian
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Ocean, particularly during the global warming (i.e., Lee et al., 2015;
Makarim et al., 2019), as well as input and constrains for ocean-climate
models (i.e., Metzger et al., 2010; Shinoda et al., 2012, 2016). The main
inflow passage of the ITF originates in the western Pacific Ocean and
enters the Indonesian seas through the Sulawesi sills, subsequently
traversing the Sulawesi Sea and the Makassar Strait. From here, a
portion of the water directly exits into the Indian Ocean via the Lombok
and Alas Straits, while the majority flows to the Banda Sea and merges
with the eastern ITF route before exiting into the Indian Ocean (Susanto
etal., 2016). Along its path through Indonesian seas, the ITF experiences
strong tidal mixing, which controls the water-mass stratification into the
Indian Ocean (Ffield and Gordon, 1996; Hatayama, 2004; Hautala et al.,
1996; Koch-Larrouy et al., 2007; Nagai and Hibiya, 2015; Nagai et al.,
2021; Ray and Susanto, 2016, 2019; Susanto and Ray, 2022).

Fluxes of water, heat, and salt within the ITF, measured over the last
three decades, have been identified as significantly influence global
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ocean thermohaline circulation (Susanto et al., 2016). Measurements of
the ITF in the Makassar Strait have been conducted since the mid-1980s
(Gordon et al., 1999, 2008; Susanto and Gordon, 2005; Susanto et al.,
2012, 2000). However, there have been no accompanying measure-
ments of ocean biogeochemistry that could provide insights into the
impact of sub-seasonal, seasonal, and annual variability in the physical
environment of the ITF on biogeochemical processes and fluxes, both
within the ITF and downstream in the eastern Indian Ocean. Therefore,
it is crucial to obtain biogeochemical measurements along the pathways
of the ITF, particularly in the areas where the vertical distribution of
pollutants remains unexplored and unknown.

Hence, in this research, we aim to fill this critical knowledge gap by
presenting initial measurements of microplastic along the ITF Pathways.
The issue of microplastic contamination throughout the ITF region
should be investigated due to its potential impact to marine biota as well
as human health. The ITF pathway indicates susceptibility to micro-
plastic pollution, which is a result of the transportation of the ocean
currents that traverse this area and anthropogenic activities in the sur-
rounding area. Due to their negligible mass, microplastics exhibit high
mobility and can be readily disseminated globally through oceanic
currents. Meanwhile, anthropogenic activities such as maritime trans-
portation, fisheries, and river runoff flowing into the sea have the po-
tential to pollute this region. Despite being primarily found in coastal
regions, multiple research studies have documented the presence of
macroplastic and microplastic materials in nearby areas along the ITF
pathway. A substantial amount of macroplastic in the Makassar Strait
region has been reported (Isyrini et al., 2019). The study found that
approximately 82-85 % of the total waste observed on the beach con-
sisted of plastic and rubber waste. Research investigations have identi-
fied the presence of microplastics in various locations within the
Makassar Strait, including seagrass habitats (Tahir et al., 2019a,b,
2020), salt ponds (Tahir et al., 2019a,b), estuary areas (Wicaksono et al.,
2020), and coastal areas (Kama et al., 2021; Sawalman et al., 2021). The
most up-to-date study reported that the concentration of microplastics
>0.30-0.35 mm in the sea surface of Makassar Strait was very low (Yuan
et al., 2023). Extensive research has been conducted on the presence of
microplastics in benthos (Tahir et al., 2019a,b, 2020), milkfish obtained
from brackish water pools (Amelinda et al., 2021), anchovies (Ningrum
and Patria, 2022) and fishes (Rochman et al., 2015). Furthermore,
studies have documented microplastics in coastal areas of the Bali Strait
region (Suteja et al., 2021; Germanov et al., 2019). There have been no
known reports of microplastics in the deep-sea area of ITF. There have
been no known reports of microplastics in the water column of the deep-
sea area of ITF. However, several investigations in oceanic and deep-sea
regions indicate that these environments can serve as significant sinks
for plastic waste (Woodall et al., 2014). This study represents the first
investigation into microplastic concentrations in the deep sea along the
ITF route. Additionally, this research contributes to understanding the
fate of microplastics in the ocean. Several research investigations on
microplastics conducted in the oceans have generally focused on the
distribution of microplastics in the surface layer (Desforges et al., 2014;
Enders et al., 2015; Kanhai et al., 2017; Lusher et al., 2014; Ross et al.,
2021; Zhang et al., 2022). However, based on the estimates of the
amount of plastic waste entering the ocean each year, several studies
have raised questions about the quantity of waste found on the surface of
the seawater (Eriksen et al., 2014). Recent research findings have indi-
cated that plastic pollution in the ocean is not limited to the surface but
also be present in deeper waters (Choy et al., 2019; Courtene-Jones
et al., 2017; Kanhai et al., 2018; Ross et al., 2021). Considering the
knowledge gap regarding the imbalance between the volume of plastic
input into the ocean and the documented amount of plastic on the ocean
surface, the disclosure of microplastic concentrations from water col-
umns can provide insight into the distribution and fate of microplastic in
the ocean. Moreover, this study aligns with the assumption that the
greater transfer of water masses from the Pacific Ocean to the Indian
Ocean occurs at subsurface depths (Fan et al., 2018; Lu et al., 2023) and

Marine Pollution Bulletin 199 (2024) 115954

that marine organisms are more densely populated within the water
column than on the surface.

2. Materials and methods
2.1. Sample collection

Water samples were collected as part of the oceanographic cruise
known as TRIUMPH (Throughflow Indonesian Seas, Upwelling and
Mixing Physics). TRIUMPH is multidisciplinary and multinational
collaborative research project involving scientists from the National
Agency for Research and Innovation (BRIN) in Indonesia, the First
Institute Oceanography (FIO) in China, and the University of Maryland
in United States of America. The cruise took place aboard the R/V
Baruna Jaya VIII, maintained by BRIN, from January 5 to April 1, 2021.
The sampling process covered 11 stations, which were distributed across
five distinct regions. These regions include the entrance of Makassar
Strait consisting of three sites (R1, R2, R3); the Makassar Strait region
representing by three stations (R4, R5, R6); the northern of Makassar
Strait (R7); the Alas Strait (R8) and Lombok Strait regions were covered
by three stations in total (R9, R10, R11) (Fig. 1). The water depth varied
widely from 272 to 2512 m. Water column samples were collected from
8 to 10 depths at each station. However, at St. R8 and R11, the collection
was conducted at only six layers due to the limited water depth (~200
m). The sampling depth level varied based on specific conditions,
including the near-surface layer (~5 m); the maximum chlorophyll
depth (Chl-Max) ranging from 30 to 65 m; the thermocline layer (upper,
mid and bottom) between 50 and 400 m; the minimum dissolved oxygen
depth (DO-Min) between 200 and 1500 m; and the near bottom depth
from 200 to 2450 m. For water depths exceeding 1000 m, additional
sampling was conducted at depths of 500 m, 750 m, 1000 m, 1500 m and
2000 m.

The collection of water samples from the water column and vertical
profile of physical parameters was conducted using a carousel rosette
water sampler consisting of 10 Niskin bottles set up with Sea-Bird SBE
911+ conductivity-temperature-depth (CTD) devices. The sample
collection process involved obtaining the rosette bottle from the water
column, starting from the lowest layer and ending at the sea surface (5
m). At each location, the CTD device was lowered closest to the bottom
of the water. During the descent, the CTD instrument collects various
physical properties of the water column, including temperature, salinity,
and density. This data allowed the onboard operator to determine the
maximum chlorophyll depth, thermocline layer, and minimum dis-
solved oxygen (DO) depth. Concurrent records of the physical-chemical
parameters were carried out during the water sample collection to
obtain precise and accurate values. A quantity ranging from 8 to 101 was
extracted from the rosette Niskin bottle and immediately subjected to
filtration through a closed filtering system. The filtered water is
collected in a bucket that facilitates precise measurement of the filtered
volume. The filtering process was carefully executed to prevent potential
air contamination during sample collection. The rosette Niskin bottle of
water was attached to a natural rubber pipe. The water was subjected to
filtration using a 20 pm nylon filter. The residual material accumulated
on the filter was collected in a bucket to determine the volume of the
filtrate. The material remaining on the filter was immediately trans-
ferred to a labelled glass bottle as a sample. Sample bottles were stored
in a cool box before being transferred to the laboratory.

2.2. Laboratory analysis

In the laboratory, the sample volume went through a reduction
process using a 37 pm steel filter. Subsequently, the sample was placed
in an oven at a temperature of 40 °C for 24 h to evaporate the remaining
water volume. Then, 3 ml of 30 % hydrogen peroxide (H20) was added
to the sample and heated at 40 °C for 24 h. The use of 30 % H,0; as a
method for degrading organic materials has been widely reported in
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Fig. 1. Research station distribution of microplastic across the Indonesian Through Flow (ITF) pathway.

previous studies (Cordova et al., 2019, 2021; Suteja et al., 2021; Zhao
et al., 2014). Next, the collected material was vacuum-filtered onto GF/
C filter paper (47 mm, pore size: 0.47 pm) using a Buchner funnel and a
vacuum flask. Each filter paper was then placed into a clean Petri dish
and covered with an aluminium foil until the particles were quantified
under a microscope. The samples were characterized using a Nikon
SMZ645 stereo microscope with a magnification range of 40x.

Previous research has suggested that various procedures for micro-
scopic examinations to ensure accurate enumeration of microplastic
particles. Microplastic particles exhibit distinct characteristics such as
unnatural shapes and colors and a lack of fragility. Following previous
research recommendations, fragility assessment was performed using a
needle and tweezers. It has been suggested that microplastic particles
maintain their structural integrity when subjected to pressure and
displacement with needles and syringes (Horton et al., 2017; Suteja
et al., 2021). Particle capturing was conducted using an Olympus SZX7
stereo microscope. Consistent with previous studies, particles were
categorized into specific groups, including fragments, fibers, films, and
pellets. Subsequently, the dimensions of the microplastic were assessed
and recorded according to the following size categories: (i) 100-200 pm;
(ii) 200-500 pm; (iii); 500-1000 pm and (iv) 1000-2000 pm.

The polymer test was conducted on a representative 20 % sample
from each station using Horiba LabRAM HR Evolution Raman Spec-
trometer. Given the experimental protocol involving a blank method
and subsequent degradation of organic compounds, it was determined
that the 20 % proportion corresponds to the total number of samples.
The prior study likewise allocated a proportion of 16-21 % of the whole
sample for polymer identification testing (Cordova et al., 2020, 2021;
Falahudin et al., 2020). The particles were analyzed directly on the filter
surface using an optical microscope. The microscope was equipped with
three objective lenses (10x, 50x, 100x). The particles were initially
tested and detected using the 10x objective lens before further analysis
with the other two magnifications. The microscope focused the laser

beam on the selected particle surface. During the analysis, the lasers
operated at approximately 10 to 50 % of their energy rating. A 785 pm
diode laser was used. Spectra were recorded in the spectral wave
number range of 4000-600 cm™!. The obtained spectral characteristics
of each sample were then compared to a standard polymer using the
reference Micro-Raman Spectrometer. The polymer specimen for com-
parison was selected based on the highest percentage value in the Horiba
micro-Raman spectrometer library. The mean match value generally
exceeded 60 %.

2.3. Data analysis

This investigation reported the concentrations of microplastics in
water column samples as particles or items per liter (n/L). Descriptive
statistics were used to illustrate the number of plastic material pieces
categorized by type and size. Additionally, the mean percentage of each
plastic type was calculated from the overall plastic material collected.
The statistical analysis was conducted using the Minitab software and R
application. The Kolmogorov-Smirnov test was used to assess normality.
Kruskal-Wallis tests were used to determine significant differences be-
tween stations. A one-way ANOVA test was conducted with a signifi-
cance level of 0.05 to evaluate the significance of variations in
microplastic concentration values across five different areas. A non-
linear regression analysis was conducted using the Generalized Addi-
tive Model (GAM) in the R application to determine the physical pa-
rameters of the waters that impact the concentration of microplastics in
the water column. The proposed GAM model applied the concentration
of microplastics per layer at all stations as the response variable. Phys-
ical parameter data obtained from the CTD sensor, particularly salinity,
temperature and density recorded during water column sampling, were
used as the predictor variable. Ocean Data View 4 was utilized to
generate contour graphs and maps (http://odv.awi.de).

The specific gravity of microplastic, the density of seawater, shape
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and size of microplastic were used to calculate the settling velocity of
microplastic (W). The W was calculated as Eq. (1) derived from Fran-
calanci et al. (2021) and Mancini et al. (2023).

W= W"(gRv)'/? (¢

where g represents the acceleration of gravity [m/s?]; R denotes the
submerged relative density (pMP — p) / p where p and pMP denote the
densities of seawater and microplastic, respectively; v signifies the fluid
kinematic viscosity [m?/s] and W* signifies the dimensionless settling
velocity. The value of W* can be determined using the following
mathematical equation:

. D}
L )
Ci + (0.75C,D3)" @

D* is the dimensionless reference diameter defined as follows:
R\ /2

D =D, (g_> ®
Vv

Dg is the representative diameter that consider the shape defined as
follows:

a

0.5
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C; is a dimensionless coefficient dependent, defines as follows:

C, = 18E70% (5)

E is defined as follows:

2 2 2
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where a, b and c are the longest, the intermediate, and the shortest axis,
respectively of the measured particles.

C, and n are two dimensionless coefficients dependent on the Corey
Shape Factor (CSF), defined as follows:

C, = 0.3708(CSF) 160 )
n = 0.4942(CSF) 0% (8)

where CSF is a dimensionless shape factor representing the relative
flatness of the particle, defined as follows:

c
CSF = — 9
= 9

2.4. Contamination prevention

Several precautions were taken to prevent contamination during the
sampling process: (i) all research equipment used in the study was
cleaned with distilled water and rinsed three times; (ii) the sample
bottles were heated at 200 °C for 24 h to ensure there was no plastic
residue left in them; at this temperature, it is estimated that all plastic
had melted; (iii) the empty bottle was kept open during the process of
transferring the sample from the rosette bottle to the sample bottle, and
(iv) gloves (nitrile) were worn to minimize contamination. To avoid
contamination during laboratory analytical procedures, numerous con-
trols were implemented. Sample processing was conducted in a separate
laboratory from other activities to prevent air contamination. The
analysis chamber had air vents closed to reduce outdoor air intake. To
minimize air contamination, the destruction process was conducted in a
fume container (Van Cauwenberghe et al., 2013). Additionally, samples
were always covered to minimize air exposure. The research apparatus
used in the study was carefully cleaned with distilled water and rinsed
three times. Steel filters, Petri dishes, and beaker glasses used to filter
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the solution were heated for 24 h at a temperature of 200 °C to ensure no
plastic filaments were left in the gaps. All study materials were filtered
through a sieve with a mesh size of 37 pm to prevent contamination from
the used chemical solution. During the analysis, one sterile filter paper
was set in the working area as a control sample (Cordova et al., 2021).

3. Results
3.1. Overview research findings

This research addressed a comprehensive analysis of 92 water sam-
ples obtained from the deep-sea seawater column along the ITF
pathway, from the Makassar Strait to the Lombok Strait. A total of 924
particles were isolated from 872 L of water samples extracted from
depths ranging from 5 m to 2450 m. The microplastics discovered in this
research were predominantly fibers (91.3 %) and fragments (7.4 %)
(Fig. 2). The results indicated that a significant proportion of the par-
ticles, precisely 39 %, consisted of large microplastics with a size ranging
from 1000 to 2000 pm, followed by a size range of 500-1000 pm, which
accounted for 25 % of the particles. Additionally, particles with a size
range of 200-500 pm and 100-200 pm accounted for 23 % and 12 % of
the total particles, respectively, as illustrated in Fig. 2. A micro-RAMAN
spectrometer analyzed 20 % of the isolated particles from each station.
The Raman spectra analysis revealed that the isolated particles matched
the reference spectra, which included a total of 10 types of polymers:
Polypropylene (PP), Polypropylene imine (PPI), Polyethylene-co-vinyl
acetate (EVA), Polyethylene imines (PEI), Polyvinyl butyral (PVB),
Polyvinyl acetate (PVA), Polymethyl vinyl ether-co-maleic acid
(PVEMA), Polyurethane foam (PUR), Polyester (PEST) and Polyacrylic
acid/Carboxy vinyl polymer (PAA) (Fig. 3). Polymethyl vinyl ether-co-
maleic acid was the most prevalent polymer type, accounting for 43 % of
the total, while polyester constituted 22 %, Polypropylene 8 %, Poly-
propylene imine 8 % and Polyethylene imine 5 %.

No particles were detected in the blanks, indicating no air contami-
nation or issues during laboratory analysis. The rosette bottle used to
collect the water sample was made of polyvinyl chloride-based plastic,
but this type of polymer was not detected in this study. Furthermore, the
polymer materials used in the water filtration procedure on the boat
(natural rubber hose, nylon filter) were not discovered in the samples of
this study.

3.2. The abundance of microplastics along the ITF pathway

Particles were detected at all observation stations, including those in
waters exceeding 2000 m. However, particles were not evenly distrib-
uted across all depth layers. The mean concentration of microplastics
detected in the water samples was 1.062 + 0.646 (0 to 3.4) n/L, with
most concentrations falling within the range of 0 and 2.2 n/L. Never-
theless, the analysis revealed elevated concentration levels at various
stations, particularly at Station R8 in the Alas Strait region, where
concentrations were recorded as 2.7 n/L at a depth of 5 m and 3.4 n/L at
100 m. Similarly, St. R7 in the Makassar Strait area exhibited a con-
centration value of 3.2 n/L at a depth of 400 m. Additionally, St. R11
demonstrated a concentration value of 2.667 n/L at a depth of 5 m.

The mean concentration of microplastics per sampling location
ranged from 0.802 to 1.528 n/L (Fig. 4). Station R8 in the Alas Strait had
the highest average concentration, while St. R9 in the Lombok Strait had
the lowest average concentration. The microplastic concentration in the
11 stations did not follow a normal distribution (p > 0.005). The
Kruskal-Wallis test was used to determine the significance of micro-
plastic concentration among locations. The results of this Kruskal-Wallis
test showed no statistically significant difference (p-value = 0.892)
among the 11 locations.

The microplastic concentration across five distinct regions was var-
ied. However, the statistical analysis revealed that there was no statis-
tically significant variation in the average value of microplastic content
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Fig. 2. Characteristic of microplastic found in the water column of ITF pathway. (a) The picture of fiber particles found in the ITF pathway. (b) The majority of the
microplastics discovered in this study were fibers (91.3 %) and fragments (7.3 %). (c) The percentage of microplastic size found in the ITF pathway were 39 % of the
particles consisted of microplastics measuring between 1000 and 2000 pm in size. This was followed by a particle size range of 500-1000 pm, which accounted for
25 % of the total particles. Particles with a size range of 200-500 pm and 100-200 pm accounted for 23 % and 12 % of the total particles.

among the five zones (p = 0.671). The average concentration of
microplastics in the area of the ITF entrance (R1, R2, R3) was 1.093 +
0.398 n/L. The mean microplastic concentration exhibited a reduction
in the Makassar Strait (R4, R5, R6) to 0.974 4 0.546 n/L. In the southern
region of the Makassar Strait (R7), the average concentration of
microplastics subsequently elevated to 1.113 + 0.854 n/L. Significant
increases in microplastic concentrations were observed in the Alas Strait
(R8) with a range of 1.528 + 1.281 n/L. However, it was noted that the
microplastic concentration decreased towards the Lombok Strait region
(R9, R10, and R11), where it was quantified for 0.987 + 0.705 n/L.
Based on statistical analysis, the average value of microplastic content
did not exhibit any significant variation across the five oceanographic
zones (p = 0.671).

The north-south section of the microplastic concentration along the
ITF pathway was described in the Fig. 5. The concentrations of micro-
plastics (1-1.25 n/L) are found in layers shallower than 250 m and depth
500 to 1000 m. In the 500 m depth, a microplastic concentration of 0.5
n/L was detected. The basin areas seem susceptible to trapping
microplastics.

The map illustrating the abundance of microplastics at several depths
(5 m, 100 m, 200 m, 300 m, 500 m, and 1000 m) in the ITF gateway is
presented in Fig. 6. At a depth of 5 m and 100 m, a significant concen-
tration of microplastics was observed near the Alas Strait and Lombok
Strait. The abundance of microplastics was also notable at a depth of
100 m in the Makassar Strait (near R6). Furthermore, elevated con-
centration of microplastics was observed near the entrance of Makassar
Strait at depths of 200 m and 300 m. In the 500 m depth range,
microplastic abundance was prominent at the entrance of Makassar

Strait, Alas Strait, and Lombok Strait. At a depth of 1000 m, micro-
plastics were found to be abundant near the Makassar Strait.

3.3. Impact of environmental variables to the microplastic vertical
distribution in the ITF pathway

The in-situ measurement of seawater's physical characteristics
(temperature, salinity, and density) collected by CTD with plot micro-
plastic abundance is described in Fig. 7. The temperature ranged from 3
to 29 °C. The salinity ranged between 31 and 34 psu, with lower values
observed on the surface. The density (ct) ranged between 19 and 27 kg/
m®. The thermocline layer, located between 50 and 400 m deep, expe-
riences significant temperature and density changes. The stations R4,
R6, R8, R9, and R11 have the highest concentration of microplastics
which were found within the density range (ot) of 21-23 kg/m>. These
stations also experience temperatures ranging from 25 to 28.50 °C and
salinity levels between 33 and 34 psu. On the other hand, the stations
R1, R2, R3, R7, and R10 exhibit the utmost concentrations of micro-
plastics, which are observed within a density range (ot) of 26-28 kg/m?,
a temperature range of 3-10 °C, and a salinity range of 34-35 psu as
depicted in Fig. 7.

A correlation analysis was conducted to investigate the relationship
between the environmental physical parameters and the abundance of
microplastics in the water column. The Spearman Rank correlation test
was performed for this analysis, using the abundance of microplastics in
the water column as the dependent variable and the physical parameters
of the waters (temperature, salinity, and density) as the independent
variables. Overall, the data demonstrated no significant statistical
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Fig. 3. Spectra of polymer across the ITF pathway (a) PP, (b) PPI, (c) EVA, (d) PEST, (e) PEL (f) PVB, (g) PVA, (h) PVEMA, (i) PUR and (j) PAA. The red spectrum at
the top of each quadrant represents the reference polymer in the RAMAN references. All black lines represent the spectra of particles recorded in this study.

correlation between the abundance of microplastics and the physical
characteristics of the water (p-value > 0.05; r < 0.25).

Furthermore, a non-linear regression analysis using the Generalized
Additive Model (GAM) was performed to identify the significant phys-
ical factors in the water that affect microplastic concentrations in the
water column. In the GAM model, the concentration of microplastics per
layer at all stations served as the response variable, while the water's
physical parameter data acquired from the CTD sensor during water
column sampling, including temperature, salinity, and density, were
used as predictor variables. The GAM non-linear regression analysis
yielded an R-sq value of 0.052 and explained 8.28 % of the deviance
with the following formula:

MPs ~ s(Salinity) + s(Temperature) + s(Density)

The study examined three predictor variables and found that water
density and water temperature had a significant impact on the abun-
dance of microplastics in the seawater column in the ITF waters of
Indonesia, as seen in Table 1. This result indicating that salinity, tem-
perature and density partially have no effect to the microplastic con-
centration in the water column, whereas water density and water
temperature affect the concentration value of the microplastic in the
water column simultaneously.
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Fig. 5. North-south section of microplastic concentration along the main gate of ITF Pathways.

3.4. Microplastic settling velocity

The settling velocity (W) for each type of microplastic in this study
was calculated following Eq. (1). We assumed all microplastic particles
had the same CSF value in this study because fiber was the most
commonly found type, accounting for 91 % of particles. The settling
velocity range of microplastics in the ITF water column has been
documented to be ranged between 0.0004 and 0.0068 m/s. The W for
PEI, PPI, PAA, PVB, EVA, PP, PUR, PVA, PMVEMA, PEST were 0.0004
m/s, 0.0006 to 0.0007 m/s, 0.0008 m/s, 0.0014 m/s, 0.0014 m/s,
0.0019 m/s, 0.0029 m/s, 0.0031 m/s, 0.0063 to 0.0067 m/s and 0.0065
to 0.0068 m/s, respectively. The settling velocity for each polymer
found is presented in the Supplementary material, Table S1.

4. Discussion

Microplastics have been extensively documented across various
global regions, including remote and pristine areas far from human in-
fluences. This study contributes to our understanding of the vertical
distribution of microplastics in the deep-sea region by identifying
microplastics at all stations along the ITF pathway. The ITF, located in
Indonesian waters, is a part of the global inter-oceanic current cycle that
circulates water masses from the Pacific Ocean to the Indian Ocean.
Indonesia's strategic location at the convergence of these two major
oceans leads to complex current dynamics that significantly impact the
biological conditions of its waters. Consequently, Indonesian waters,
which are traversed by these ocean currents, exhibit a high level of
species diversity. However, it is expected that these currents also
transport plastic waste, including microplastics, from other regions due
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microplastic was high near the Alas strait and Lombok Strait. At depth 200 m and 300 m the microplastic abundance were higher in the entrance of Makassar Strait
(R1, R2, R3). In the 500 m depth range, microplastic abundance was prominent at the entrance of Makassar Strait, Alas Strait, and Lombok Strait.

to the ease with which microplastics can be carried by ocean currents
(Wang et al., 2020). Local activities, such as shipping and mainland
inputs, can also contribute to contamination in this area. The presence of
microplastics has raised concerns about their potential to disrupt various
organisms' ecosystems. Multiple studies have indicated that these con-
taminants can be ingested by organisms, including zooplankton, small
fish, and filter-feeding marine animals (filter-feeding megafauna).
Numerous laboratory studies have demonstrated that microplastic
pollution in marine organisms can lead to disruptions in photosynthetic
activity (Bhattacharya et al., 2010), reduced appetite for zooplankton
(Cole etal., 2013), decreased fecundity in zooplankton (Lee et al., 2013),
lower body weight in lugworms (Besseling et al., 2013), the presence of
an inflammatory immune response in clams (Von Moos et al., 2012), and
decreased sperm diameter and speed in oysters (Sussarellu et al., 2016).
Despite the microplastic quantities identified in this study being signif-
icantly lower than those examined in the laboratory tests, which ranged
from 42,000 to 1,000,000 n/L, the detection of microplastics in this
investigation raises concerns about the high biodiversity of the ITF area.

The microplastic fiber types found along the route from the Makassar
Strait to the Lombok Strait as identified in this study are consistent with
those found in other marine environments worldwide, both above and
below water's surface (Choy et al., 2019; Kanhai et al., 2017; Lusher
et al., 2015; Obbard et al., 2014; Peng et al., 2018). Many of the
microplastic fibers discovered in the water are believed to originate from
laundry wastewater. Experiments conducted by Napper and Thompson
(2016) estimated that the average laundering of acrylic fabrics released
over 700,000 fibers during a single wash. Furthermore, Vassilenko et al.
(2019) revealed that 9777 to 4,315,371 microfibers were lost in every 1
kg of textile washed.

Polymer analysis is crucial in microplastic studies as it helps confirm
the types of particles obtained. Previous studies have demonstrated that
relying solely on visual identification is inadequate when examining
microplastics (Kroon et al., 2018; Song et al., 2015). Microplastic
research that solely relies on visual identification and the absence of
blank procedure tends to overestimate the presence of microplastics in
the environment (Manullang et al., 2023). This study identified a
slightly different type of polymer to what has been previously reported
in the Pacific Ocean (Peng et al., 2018). It was found that PVEMA (43 %)
and PEST (22 %) were the most common polymer identified. However, a
previous study conducted in the Pacific Ocean reported a predominant
PEST polymer (19 %) (Peng et al, 2018). While the Raman-
Spectroscopy analysis was unable to identify the origin of the micro-
plastics in the samples, a review of the relevant literature can help
identify the source of the plastic waste. PVEMA polymer is commonly
used as a detergent builder and stabilizer in medical applications, and
food packaging (Demir et al., 2017; Shahbazi et al., 2014). The PEST
polymer has a wide range of applications in industries such as con-
struction, textile, automotive, medical, and electrical. Polyester is also
extensively used in the production of packaging materials like bottles
and other containers (Camlibel, 2018; Zughaibi and Steiner, 2021).
Polypropylene accounted for 8 % in this study and is typically used for
high-temperature-resistant items such as trays, funnels, pails, infant
bottles, and instrument jars (Maddah, 2016). Polypropylene is also
widely used in the manufacturing of drinking straws (Roy et al., 2021).
The polyurethane polymer can be used in the construction of fishing net
(Huang et al., 2009).

This investigation presents novel findings on the distribution of
microplastics within the deep-sea water column of the ITF pathway,
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Fig. 7. Physical parameters (salinity, temperature and density) profile of the ITF pathway with plot microplastic abundance.

ranging from a depth of 5 m to 2450 m. The mean concentration of
microplastics was 1.062 + 0.646 (0 to 3.4) n/L. The concentration of
microplastics observed at the entrance of the northern Makassar Strait
(R1, R2, R3) was relatively high, as depicted in Fig. 4. We hypothesized
that this microplastic pollution originates from the Pacific Ocean, which
flows into the Sulawesi Sea and then into the Makassar Strait. Previous

studies in the Pacific Ocean reported significant high level of micro-
plastics (ranging from 2.06 to 13.51 n/L) (Peng et al., 2018). This
assumption is supported by the observation that microplastic concen-
trations tend to be highest at depths between 200 m and 300 m (Fig. 6),
relatively consistent with previous research indicating strong ITF cur-
rents between 100 and 400 m depth (Fan et al., 2018; Lu et al., 2023).
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Table 1
General Additive Model between microplastic con-
centration and physical parameters.

Variable predictor p-Value
Salinity 0.607
Temperature 0.012
Density 0.047

Furthermore, it was noted that the concentration of microplastics did
not increase from the entrance of Makassar Strait (R1, R2, R3) to
Makassar Strait region (R4, R5, R6). Instead, there was a tendency to-
wards a 11 % decrease. This situation may be attributed to the mecha-
nism of microplastic deposition in the sediment. According to Woodall
et al. (2014), certain categories of plastic materials are susceptible to
losing buoyancy, leading to their eventual settling at the bottom of the
ocean. The north-south section of microplastic concentration along the
main gate of ITF Pathways also indicated that the basin areas seem
susceptible to trapping the microplastics near the St. R5 and St. R6
(Fig. 5).

Compared to microplastic content in the entrance of Makassar Strait
(R1, R2, R3), the concentration of microplastics in the St. R7 was
increased 2 %. The elevated levels of microplastics observed starting
from St. R7 may be attributed to the impact of microplastic accumula-
tion originating from Pacific Ocean and as well as the local input from
human activities in the surrounding area of Makassar and Kalimantan
Island and input from the Java Sea. The Java Sea are one of the main ITF
input paths (Susanto et al., 2016). According to the collected data, there
was a marked rise in the amount of microplastics found at St. R8. The
significant microplastic concentration observed at St. R8 may be
attributed to the impact of microplastic accumulation originating from
Pacific Ocean, the local input from human activities from Bali and
Lombok. Furthermore, St. R8 is situated in close proximity to some of the
most densely small islands in Indonesia, such as Bali, and Lombok
(Gaffin et al., 2004). Indonesia is the second largest producer of plastic
globally, with a significant portion of it accumulating in coastal areas of
small islands and small to medium-sized cities (Jambeck et al., 2015;
Suyadi and Manullang, 2020). The microplastic concentration observed
at St. R9, R10 and R11 in the Lombok Strait was comparatively lower
than the average concentration recorded in the entrance of Makassar
Strait (R1, R2, R3) (decreasing 10 %). This observation suggests that
many microplastic particles might have been transported eastward,
specifically towards the Flores and Banda Sea. Before being exported to
the Indian Ocean, the Makassar Strait throughflow moves into the Flores
and Banda Sea. Over a period of three decades, extensive research in this
domain has consistently documented that the primary conduit for the
ITF commences in the western Pacific Ocean. It then proceeds to enter
the Indonesian seas by passing through the Sulawesi sills, subsequently
traversing the Sulawesi Sea and the Makassar Strait. From this point, a
fraction of the aqueous substance promptly departs towards the Indian
Ocean through the Lombok and Alas Straits, while the predominant
portion converges towards the Banda Sea and amalgamates with the
eastern Indonesian Throughflow pathway prior to its departure into the
Indian Ocean (Susanto et al., 2016).

The vertical transport of plastic particles in water environments can
be described by various parameters, including the physical properties of
seawater. The temperature, salinity, and density of water are three of the
most critical physical variables (Pawlowicz, 2013). In this research
study, a non-linear regression analysis using the generalized additive
model (GAM) was conducted to evaluate the impact of environmental
parameters (temperature, salinity, and density) on the distribution of
microplastics in the ITF water column. This model was adopted to
observe the relationship between the response and predictor variables
without assuming linearity between the two variables. The findings of
the Generalized Additive Model statistical test showed that the abun-
dance of microplastics was significantly influenced by water
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temperature and water density, while the salinity value exhibited a
statistically insignificant impact. Previous research in the Atlantic Ocean
has also linked water temperature parameters to the abundance of
microplastic (Lusher et al., 2014; Kanhai et al., 2017). The investigation
by Choy et al. (2019) revealed the significance of density in the vertical
distribution of microplastics in the epipelagic and mesopelagic zones of
the California Coast. A study on the three offshore areas, including the
East China Sea, Java Island in Indonesia, and Tampa Bay in the USA,
demonstrated the impact of temperature on microplastic abundance by
affecting the movement and density of seawater (Liu et al., 2022).
Based on the findings of this present investigation, it can be derived
that the largest concentration was predominantly observed in layers
other than the surface layer. These findings contribute to a practical
understanding of plastic dispersion from the ocean surface, as explored
in previous investigations (Eriksen et al., 2014). The latest study re-
ported that microplastic concentration in the subsurface was 16 times
higher than in the surface layer in the Antarctic seawater (Zhang et al.,
2022) and 200 times higher in Eurasian Arctic (Yakushev et al., 2021).
According to the data depicted in Fig. 7, the maximum microplastic
concentration is divided into two distinct clusters. The first cluster of
stations, namely R4, R6, R8, R9, and R11, exhibited a density range (ct)
of 21-23 kg/m°>. The recorded temperatures range from 25 to 28.5 °C,
while the salinity levels range between 33 and 34 psu. The maximum
concentration of microplastics at stations R4, R6, R8, and R9 was
observed within the thermocline layer, characterized by water column
stratification due to significant temperature and density changes.
Meanwhile, the highest concentration value in the St. R11 was observed
in the surface layer. The microplastic concentrations tabulation and
thermocline graph for each station are presented in the Supplementary
material, Tables S2, S3 and Figs. 2-12. It is hypothesized that the
stratification of the water column due to variations in temperature and
density at the thermocline layer could serve as a barrier to the sinking of
microplastics. Similar findings were also documented in the Baltic Sea,
where elevated levels of microplastics were observed within the strati-
fication water column layer (Zhou et al., 2021; Uurasjarvi et al., 2020).
The second cluster of stations were R1, R2, R3, R7, and R10,
demonstrated in a density range (ot) of 26-28 kg/m>, a temperature
range of 3-10 °C, and a salinity range of 34-35 psu. The maximum
microplastic concentrations within this group are situated in the bottom
boundary layer of the thermocline layer (R1, R2) and below the ther-
mocline layer (R3, R7, R10). It is assumed that the sinking of micro-
plastics into deeper layers may be affected by other factors. Alongside
the inherent physical characteristics of seawater, previous studies have
reported various factors also influence the vertical transport of micro-
plastics within the water column, such as turbulence (Yang and For-
outan, 2023), sedimentation and strong current (Mancini et al., 2023),
biofouling (Miao et al., 2021), settling velocity of microplastic (Fran-
calanci et al., 2021), upwelling or downwelling (Choy et al., 2019).
The determination of settling velocity has been recognized as an
essential criterion for characterizing the vertical transportation of
microplastics within aquatic environments (Ballent et al., 2013). How-
ever, it is important to note that the settling velocity plays a significant
role in the transportation of microplastics within a calm water column
(Mancini et al., 2023). The settling velocity of microplastic is deter-
mined by the density of the seawater and microplastic density as well as
the shape and size of the microplastic particles (Francalanci et al., 2021).
The present investigation revealed that a significant proportion of the
microplastic samples analyzed consisted of fiber, accounting for 91 % of
the total. Consequently, the settling velocity value in this current study
was shown to be significantly impacted by the density of each type of
microplastic found. The settling velocity (W) of microplastics in the ITF
pathway ranges from 0.0004 to 0.0068 m/s. Plastics with low settling
velocities, such as PP, were mainly found in the upper water layer at
depths of 5 to 40 m. Plastics with higher settling velocities, such as
PVEMA and PEST, were typically observed in deeper depths. Therefore,
the high accumulation of microplastics in the deeper layers at stations
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R1,R2,R3, R7, and R10 may be influenced by the relatively high settling
velocity values of microplastics such as PVEMA and PEST.

Nevertheless, biofouling may also lead to transporting microplastics
to deeper ocean layers (Liu et al., 2022). Choy et al. (2019) reported that
the specific gravity of microplastic particles can be strongly influenced
by the presence of other materials attached to them. Microplastics can
experience density changes when covered with an organic or inorganic
layer, causing floating microplastics to sink and sunken microplastics to
slow down and remain at a certain level of depth. This phenomenon
might contribute to the presence of the PPI plastic, which contains a low
settling speed but was discovered in deep water layers. Similar findings
were reported by Kaiser et al. (2017), wherein plastics, such as PE,
characterized by low settling velocity values related to their small
density, can be transferred to the bottom layer as a result of biofouling.

Despite the differences between sampling, processing, and analytical
techniques for microplastic identification, the mean microplastic con-
centration in sub-surface waters along the ITF pathway in this study was
relatively higher than that observed in the subsurface deep-sea waters
across the world (the comparison of microplastic concentration between
this study with other study is presented in the Supplementary material,
Table S4). The microplastic content in the water column of the ITF
pathway is higher than in Sumba waters (Cordova and Hernawan,
2018), North East Pacific Ocean (Desforges et al., 2014), Indian Ocean
(Lusher et al., 2014), Atlantic Ocean (Courtene-Jones et al., 2017;
Enders et al., 2015; Kanhai et al., 2017; Lusher et al., 2014, 2015), Artic
Ocean (Kanhai et al., 2018), North Pole/Central (Ross et al., 2021),
Beaufort Sea (Ross et al., 2021), Eurasian Arctic (Yakushev et al., 2021)
and Antarctic seawater (Zhang et al., 2022). Whereas, the average
microplastic abundance in the main of ITF was lower than that reported
in the Mariana Trench (Peng et al., 2018). The higher microplastic
abundances reported in this study compare to other region were possible
because the sampling locations are close to the shore, which usually
have higher microplastic abundances than open oceanic sites. The recent
study also stated that microplastic concentration recorded in the sea
surface in the Makassar Strait is higher than in the Northwestern Pacific
Ocean (Yuan et al., 2023).

5. Conclusion

This investigation provided the first assessment of microplastic
presence within the water column along the ITF pathway. The micro-
plastic concentration values documented in this study were greater than
concentration estimates for subsurface in the open ocean. The primary
shape type identified in this investigation was fibers, accounting for 91
% of the total. The analysis of confirmed microplastics revealed that the
predominant polymer type was PVEMA (43 %) and PEST (22 %). The
statistical analysis indicated that temperature and density had a signif-
icant impact on the number of microplastics present in the water column
of the ITF pathway. Our data indicate that ocean transport from the
Pacific Ocean leads to the continuous accumulation of microplastics in
the main ITF pathway.
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