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ABSTRACT

Microplastic pollution has been reported worldwide. However, current assessments remain limited by quanti-
fication and evaluation based on abiotic factors. Unlike passive biomonitoring, which reflects wide biological
variability in wild-caught fish, active biomonitoring with caged, standardized organisms provides controlled envi-
ronmental exposure. This study introduces an early warning framework by integrating active biomonitoring with
a multi-index approach to evaluate the levels (Pollution Load Index), the impact on the environment (Coefficients
of Microplastic Index), bioavailability in the organism (Microplastic Index), and Estimated Daily Intake (EDI)
by humans of microplastic pollution in a stream threatened by urbanization. The caged native fish (Rasbora
lateristriata) were placed at three sites along the urbanized Winongo Stream for a 28-day exposure period. The
microplastics were extracted from water samples and fish organs and characterized by size, shape, color, and
polymer type. This study found that small size, fiber, and black color were the dominant microplastic types in
surface water and fish tissues at all sampling sites. This study identified polypropylene, polyethylene, and poly-
amide as the polymers. Pollution levels ranged from low to moderate, and the potential environmental impact of
microplastic shape ranged from low to extreme. The Microplastics Index shows the translocation from water to
the body of fish, and the Estimated Daily Intake shows that humans possibly consume microplastics by eating
fish muscle. These findings highlight the potential measurable risk of dietary exposure through fish consumption,
underscoring the importance of integrating active biomonitoring with ecological risk indices for assessing micro-
plastic contamination in tropical freshwater ecosystems. Education on proper, sustainable waste management
and comprehensive policies is needed to mitigate plastic pollution in aquatic environments.
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INTRODUCTION

Plastic pollution is still an unresolved global
problem. Plastic is versatile, lightweight, durable,
inexpensive, and flexible, so it is widely used in
everyday life. Problems arise when users discard
plastic products into the environment. The dura-
bility of plastic debris makes it hard to degrade
and persistent in the environment (Koelmans et
al., 2022). Increasing plastic consumption harms
the environment and health (Bhuyan, 2022; Steg-
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mann et al., 2022). Large plastics (> 5 cm) can
decompose into tiny particles, namely mesop-
lastics (5 mm — 5 cm), microplastics (0.1 um — 5
mm), and nanoplastics (< 0.1 um). The tiny size
of microplastics (MPs) and the light character of
plastic debris make it easy for them to migrate in
the environment (Emmerik & Schwarz, 2020),
enter the bodies of organisms, and cause disor-
ders in test animals, including oxidative stress
(Zitount et al., 2021), digestive disorders (Zheng
& Wang, 2023), and even impaired immune res-
ponse (Limonta et al., 2019).
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The persistence of MPs in the environment
hinders progress toward the following Sustainab-
le Development Goals. MPs in water, seafood,
and food disrupt food security (SDG 2), access to
clean water (SDG 6), marine ecosystems (SDG
14), and terrestrial ecosystems (SDG 15). Dis-
rupted ecosystem function influences the causes
and impacts of climate change (SDG 13) (Stoett
etal., 2024). The inevitable leakage of plastic was-
te into terrestrial and aquatic ecosystems remains
a major challenge for researchers, policymakers,
citizens, other stakeholders, and the global com-
munity (Kumar et al., 2021; Walker, 2021). A
comprehensive study to monitor microplastic
pollution remains urgently needed to achieve a
sustainable environment. In addition, increasing
environmental awareness is urgently needed as a
strategic component of sustainable development
in addressing the global ecological crisis (Castro
& Castro, 2026).

MPs have become a global problem, as
evidenced by reports of their presence in vario-
us countries worldwide, especially in the marine
environment (van Calcar & van Emmerik, 2019).
Conversely, monitoring of MP pollution in fresh-
water remains limited, and freshwater systems
are closer to the source of MP production than
the oceans, making them more susceptible to
MP contamination (Emmerik & Schwarz, 2020).
Sources of MP contamination in waters include
domestic activities, agricultural activities, lives-
tock, industrial waste disposal, and surface ru-
noff from rainfall, river flow, and wind (Dong et
al., 2023). Urbanization and land-use activities
surrounding the river also contribute to MP con-
tamination in the stream (Garcia et al., 2020).
MPs in the water can enter an aquatic organism
through diet or the food web. The bioavailabili-
ty of MPs in the organism can cause the adverse
effects as described previously. Therefore, moni-
toring the types and abundance of plastic debris
in inland waters can improve understanding of
waste sources and transfer mechanisms, suppor-
ting better mitigation of plastic debris in waters
(Bauer-Civiello et al., 2019; Hassan et al., 2026).

However, MP pollution in freshwater
ecosystems remains largely invisible because li-
mited ecological literacy reduces environmen-
tal awareness and limits efforts to mitigate MP.
Nevertheless, global research shows that scien-
ce-based educational practices can foster envi-
ronmental awareness and shift public behavior
toward more pro-environmental attitudes (Castro
& Castro, 2026). In this context, by presenting ac-
tual research data about the stream conditions in
the surrounding environment, it is hoped that it
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can be an undeniable visual alarm for the public
to increase ecological literacy and environmental
awareness as part of actions to protect aquatic life
(SDG 14) and also to maintain the sustainability
of the ecosystem further.

The previous studies focused on determi-
ning pollution levels, ecological risks, and health
risks, which were calculated based on MP con-
centrations in water or sediment (Zhao et al.,
2014; Di & Wang, 2018; Xu et al., 2018; Alam
et al., 2019; Sulistyowati et al., 2022; Zaki et al.,
2024; Zhao et al., 2024). While these ecological
risk assessments provide critical baseline data for
environmental management and pollution mi-
tigation (Agathokleous et al., 2021), they have
significant methodological shortcomings, parti-
cularly in capturing the dynamic bioavailability
of MPs in aquatic food webs. Standard abiotic
assessments from water and sediment fail to ref-
lect how plastic debris interacts with living tissues
over time. To address this, current literature has
shifted toward biomonitoring to achieve compre-
hensive insights into bioavailability and health risk
metrics such as the Estimated Daily Intake (EDI)
(Adjietal., 2022). However, most existing biomo-
nitoring literature still has critical, unaddressed
limitations and largely relies on passive biomo-
nitoring (Jabeen et al., 2017, Wang et al., 2017;
Ismail et al., 2019; Lopes et al., 2023; Maulana
et al., 2023; Polt et al., 2023). Passive biomonito-
ring, which captures organisms directly from the
environment, introduces confounding variables
such as variation in species, size, age, sex, and so
on, making spatial comparisons statistically weak
and unreliable. More importantly, the unknown
exposure duration in wild fish obscures the ki-
netics of MP accumulation, leaving the tempo-
ral rate of microplastic translocation into tissues
unquantified. These unresolved issues justify the
urgent need for active biomonitoring using a ca-
ged native fish approach, which standardizes bio-
logical traits and controls the exposure timeline,
providing an accurate, comparable assessment of
MP bioavailability and risk dynamics.

To achieve this, active biomonitoring using
native fish can be a valuable tool for monitoring
MP pollution in the river (Vieira et al., 2019). Ac-
tive biomonitoring involves transplanting test ani-
mals from a reference area (non-polluted) to the
research location in cages for 4-6 weeks. Pollutant
accumulation in the test organism at the end of
the exposure period indicates contaminants in
the environment. Biological uniformity in test
animals can minimize error when interpreting
results from comparisons of pollution across dif-
ferent environments (Santana et al., 2018).
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Test-animal selection is also important in
biomonitoring studies. Sentinel and filter-feeder
animals, with their limited mobility, are favored
as test animals because they reflect local condi-
tions (Li et al., 2019). However, the drawback is
that animals tend to be demersal, or bottom-dwel-
ling, and therefore cannot reflect water-column
pollution conditions. Therefore, fish are potential
test animals for biomonitoring MP pollution (Ka-
zour et al., 2020), given that MPs are light and
tend to float or drift in water, except for high-
density polymers such as HDPE. Native fish are
preferred because they are ecologically proven to
survive at the site (Marins et al., 2020). Besides,
the animals used must not be invasive. This an-
ticipates the possibility of test animals escaping
their cages and ensures they are safe and do not
invade local fish.

In this case, the wader pari fish (Rasbora la-
teristriata) was selected as the test animal for this
active biomonitoring study because it meets the
criteria as explained previously. As a native Indo-
nesian fish (Kusuma et al., 2016), the fish repre-
sents the ecological health of tropical urban rivers
more accurately than non-native laboratory mo-
dels. Wader pari fish has also been shown to ab-
sorb MPs and metals (Pb, Cd) in streams. Passive
biomonitoring research by Sabilillah et al. (2023)
reported that MPs were detected in the gills, GIT,
and muscles of Rasbora lateristriata caught in the
Code River, with an average of 3-5 particles in
each organ, and in the Gajahwong River as many
as 2-6 particles in each organ. Besides, this fish
is a benthopelagic omnivore that feeds opportu-
nistically in the water column, making it highly
susceptible to ingesting suspended particles, in-
cluding MPs. Although this species is a reliable
model for aquatic ecotoxicology (Retnoaji et al.,
2023), this study is the first to evaluate its sensi-
tivity and suitability as a test species in an active
biomonitoring study of MPs. Moreover, as a po-
pular food source consumed by local communi-
ties (Maghfiroh et al., 2025), its selection directly
bridges the gap between ecosystem contaminati-
on and human health risk assessment.

To reinforce this point, while previous stu-
dies have documented MPs’ abundance in tro-
pical rivers, they have paid limited attention to
integrating active biomonitoring with ecological
risk indices and human exposure assessment.
This study addresses this gap by applying a field-
based biomonitoring approach combined with
multiple indices (PLI, CMPI, MPI, and EDI) to
provide an ecosystem-to-human perspective of
MPs pollution in the Winongo Stream, one of the
essential streams in the Special Region of Yogya-
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karta Province, Indonesia, which is increasingly
threatened by urbanization and land-use chan-
ges (Fadlillah et al., 2023) and has experienced
declining water quality in recent years (DLHK,
2022). As MP contamination in this stream has
not been previously investigated, this study aims
to evaluate the status of MP pollution by asses-
sing: (i) surface-water contamination through
MP abundance and the Pollution Load Index
(PLI), (ii) the environmental impact through the
Coefficient of Microplastic Impact (CMPI), (iii)
the bioavailability through the Microplastic Index
(MPI) and potential human health implications
using Estimated Daily Intake (EDI). The MPI
and EDI were determined through active biomo-
nitoring using the Indonesian native fish Rasbora
lateristriata as a test organism.

Previous evaluations of MP contaminati-
on have relied heavily on passive biomonitoring
of wild aquatic organisms to estimate ecologi-
cal and bioaccumulation risks. However, these
wild-caught samples exhibit substantial biologi-
cal variation in age, size, and unknown exposu-
re duration, leaving a critical knowledge gap in
the precise, time-dependent kinetics of MP bio-
availability under natural river conditions. Furt-
hermore, baseline data for the Winongo Stream
are virtually nonexistent, and comprehensive
risk assessments integrating environmental con-
centrations with multi-index biotic evaluations
remain limited. To address these issues, this stu-
dy introduces an active biomonitoring approa-
ch using native fish (Rasbora lateristriata) held in
cages and regularly deployed at three stations in
the Winongo Stream during a controlled 28-day
exposure period. The novelty of this work lies in
its pioneering integration of active biomonitoring
with various ecological and dietary indices, such
as the Pollution Load Index (PLI), the Microplas-
tic Index (MPI), and the Estimated Daily Intake
(EDI), to provide an explicit, standardized, and
real-time risk assessment in a freshwater ecosys-
tem. As the first empirical assessment of MPs in
this vital aquatic resource, these findings provide
crucial and unambiguous data to support local
plastic mitigation strategies and community-dri-
ven awareness, directly advancing global efforts
towards achieving the Sustainable Development
Goals (SDGs), specifically SDGs 2 (Zero Hun-
ger/Food Security), 6 (Clean Water and Sani-
tation), 14 (Life Below Water), and 15 (Life on
Land).

METHODS

This field study was conducted from May
2024 to June 2024 (low rainfall intensity, with an
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average rainfall of 4- 70 mm/month) in the Win-
gono Stream, Special Region of Yogyakarta, In-
donesia. The determination of sampling sites is
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based on MPs pollution gradients (low, moderate,
high) from community activities around the Win-
ongo Stream (Figure 1).
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Figure 1. Study Area

Site 1 (S1), located at 7°38’36.80”S, 11
0°23’32.11”E. The potential pollution comes
from domestic and horticultural activities. Site 2
(S2) is located at 7°48°29.81”S, 110°21°13.22”E
. Residential housing is very dense, so domestic
waste from household activities entering the wa-
ter is estimated to be high. Site 3 (S3) is located
at 7°52’2.11”S, 110°20°51.33”E. The area around
the stream flow is dominated by agricultural land
and residential areas. The pollution can come
from domestic and farming activities. The estima-
ted MP gradient pollution from high to low was
S2, S3, and S1, respectively.

Test organism and active biomonitoring

The test organisms used in this research
were adult male Indonesian native fish, wader
pari (Rasbora lateristriata), from the Cangkringan
Aquaculture Technology Development Cen-
ter in Yogyakarta. The fish had a mean size of
7.79 (0.38 cm in length) and 3.91 (0.81 grams in
weight). A healthy indicator of the fish is active
movement. Fifty-four healthy fish, collected from
the reference site, were transplanted into 1.5 m X
1 m X 1 m bamboo cages in the stream. Eighteen

fish were caged at each site (S1, S2, S3).
Sample collection

The water samples were collected on days
0, 3, 7, 14, 21, and 28 in three replicates from
each of the three sampling sites (S1, S2, S3).
Twenty liters of surface water (0-50 cm from the
upper surface) were collected using a stainless-
steel container and immediately filtered with a
54 pm stainless-steel screen. The filtrate was then
washed using distilled water stored in a 100 mL
glass bottle and transferred to the laboratory at
4°C until further treatment (Yan et al., 2021).
Three fish were collected and stored in a cold box
from each site on days 0, 3, 7, 14, 21, and 28.
The samples were immediately transferred to the
laboratory and stored at -20°C until further treat-
ment. The fish’s gills, muscles, and gastrointesti-
nal tract (GIT) were separated and weighed (g)
(Ukasha et al., 2024; Yan et al., 2021).

MPs extraction, visual characterization, and
identification
MPs extraction

MPs extraction in water samples refers to
the method developed by Yan et al. (2021) and
Yin et al. (2021). In the laboratory, the water
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sample was transferred to a 500 mL glass Erlen-
meyer flask, 30% H,O, was added up to 3% the
sample volume, and the mixture was heated at
60 °C for 2 hours until the organic material was
destroyed, indicated by a clear solution and the
absence of MP particles.

MP extraction for fish organs refers to
the method developed by Adji et al. (2022), Sa-
bilillah et al. (2023), and Yin et al. (2021). Each
previously weighed organ was transferred into a
100 mL Erlenmeyer flask, then 10% KOH was
added to 3 times the sample volume. It was hea-
ted at 60 °C overnight until the organic material
was destroyed, as indicated by the destruction of
the organ. Add 10% KOH to 3 times the sample
volume again, and extend the heating process if
the organic material has not been destroyed. The
condition of the sample needs to be checked re-
gularly to ensure the KOH solution does not run
out during heating.

Samples that have been destroyed and have
reached room temperature were then filtered
using Whatman paper (pore size 2.5 um). Filter
paper containing MPs was stored in labeled glass
Petri dishes before further characterization.

MP identification

MP identification was conducted by ob-
servation under a stereo microscope (Nikon
SMZ745, Japan). MP criteria include: 1) Particle
size <5 mm, 2) Homogeneous color, 3) No orga-
nic or cellular structures, and 4) Not segmented
and not branched. Characterization of identi-
fied MP particles, as referred to in McNeish et
al. (2018) and Adji et al. (2022), is based on size
(<1.5 mm, 1.6-3.2 mm, 3.3-5 mm), shape (fiber,
fragment, foam, pellet, film), and color (trans-
parent, yellow, red, green, blue, and white). The
identified particles were placed in a glass bottle,
and the polymer was characterized using Fourier
transform infrared spectroscopy (FTIR; Type
IRPrestige-21, Shimadzu) with a wavelength ran-
ge of 4000-400 cm™. The spectrum analysis was
compared with the database according to Jung et
al. (2018).

Table 1. The Formula of Microplastic Assessment
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Quality assurance and contamination control

To maintain data accuracy in MP analysis,
this study applied quality assurance (QA)/quali-
ty control (QC) referring to previous studies by
Sabilillah et al. (2026) and Ukasha et al. (2024).
The protocols implemented to prevent contami-
nation and bias from the beginning, include:
(1) the use of cotton laboratory clothes and co-
ats and nitrile gloves, (2) the use of non-plastic
tools, such as stainless steel for collecting samples
in the field, glassware for laboratory equipment,
(3) the use of ultrapure water (filtered distilled
water) for making digestion solutions (10% KOH
and 30% H,0,) and also for rinsing equipment
before and after use; (4) Conditioning sterile glass
petri dishes and Erlenmeyer flask that have been
labeled to remain closed and immediately closed
when placing the filtered sample after digestion,
(5) The use of controls in the form of open petri
dishes in the laboratory room during the extracti-
on and identification process of MPs.

MPs assessment

MPs assessment in this study was based on
MPs abundance (Equations 1 and 2), Pollution
Load Index (Equations 3 and 4), Coefficient of
Microplastic Impact (Equation 5), Microplastic
Index (Equation 6), and Estimated Daily Intake
(Equation 7). The indices used in this study are
screening-level tools rather than absolute risk pre-
dictors, as they provide a comparative framework
to identify spatial patterns, relative contamina-
tion levels, and potential exposure pathways of
MPs across sites, rather than definitive thresholds
of ecological or human health risk. Given the
current limitations in standardized methodolo-
gies and dose-response relationships for MP to-
xicity, these indices are best interpreted as early-
warning indicators that support environmental
monitoring and management, while highlighting
the need for more refined risk assessment appro-
aches in future studies. Table 1 presents the MP
assessment formula used in this study.

No Equation

Evaluation criteria References

The formula of ecological risk assessment

MPs abundance
MPs abundance in the surface water

Equation 1

Equation 2
MP abundance in the fish organ

A lower abundance val- (Adjietal., 2022)
ue indicates lower MP

contamination, and vice

versa.
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(Yan et al., 2021)

The hazard impact was
classified into four lev-
els (I <10, II =10-20, 1II
=20-30, and IV > 30).

(Saikia & Hand-
ique, 2024)

CMPI categorization in-
cludes low (0.0001-0.1),
average (0.11-0.5), maxi-
mum (0.51-0.8), and ex-
treme (0.81-1).
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Equation 3 Contamination Factor (CF)
CFi - the quotient of the MP concentration
at each site; Ci — the MP concentration; Coi -
the minimum MP concentration

Equation 4 Pollution Load Index (PLI)
CF,, ,is the result of the Contaminant Fac-
tor calculation. n is the number of samples.

Equation 5 The coefficient of MPs Impact (CMPI)

Equation 6 Microplastic index (MPT)

(Patterson et al.,
2019)

A lower MPI index value
indicates a lower level of
MP contamination, and
vice versa.

MPSB is the MP concentration in soft body
tissue (Number of MPs/g) in the GIT at the
end of exposure time (Day 28), subtracted

from the baseline (Day 0)
The formula for health risk assessment

Equation 7 Estimated Daily Intake (EDI)

(Sabilillah et al.,
2023)

In this study, MPs concentration is derived
from the identified MPs in the muscle at the
end of exposure time subtracted from the

baseline (D28-D0)

Statistical analysis of data

All statistical analyses were conducted
using SPSS version 26.0 (IBM Corp., Armonk,
NY, USA). Statistical significance was set at p <
0,05. Prior to statistical testing, data were checked
for normality using the Shapiro—Wilk test and for
homogeneity of variance using Levene’s test. For
surface water, individual water samples collected
independently at distinct points within each
sampling site (n = 3) were treated as independent
replicates. For the biomonitoring experiment, in-
dividual fish (Rasbora lateristriata) analyzed from
each site (n = 3 per sampling time) were treated
as independent biological replicates (experimen-
tal units) to evaluate individual variation in MP
abundance across tissues (gills, GIT, and muscle).

MP abundance in the water and fish tissue
samples was analyzed using a factorial Two-Way
Analysis of Variance (ANOVA) to determine the
simultaneous effects of spatial and temporal va-
riables. The exact statistical model included two
fixed factors: Sampling Site (three levels: S1, S2,

S3) and Exposure Duration (six levels: Days 0,
3,7, 14, 21, 28), along with their interaction ef-
fect (Site x Duration). When the data did not
meet parametric assumptions, a log transforma-
tion was applied to meet normality and homo-
geneity of variance requirements before running
the Two-Way ANOVA. For significant values, a
Tukey post-hoc test was performed for pairwise
comparison.

Pollution Load Index (PLI) was calculated
using the daily geometric average formula, and
the trend was presented visually to determine the
pollution load category status. CMPI was calcu-
lated descriptively, while MPI and EDI were ana-
lyzed using One-Way ANOVA to compare values
at the end of the exposure period (Day 28). For
significant differences, a Tukey post-hoc test was
also performed for pairwise comparisons. Data
were visualized in GraphPad Prism, and MP cha-
racteristics were shown using a Sankey diagram
(online version via sankeymatic.com).
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RESULTS AND DISCUSSION

Microplastic abundance in the surface water
MPs were detected in water samples
from three sites. There were 2,603 MP particles
collected from all sampling sites, with an ave-
rage abundance of 2.41 + 1.54 items/L. Figure
2 shows the comprehensive comparison of MP
contamination in the Winongo Stream during

~ 84
3 . ][0
S 6 = H3
E . = HY
k] = 14
£
s 24 =3 H21
o = 1128
81 82 S3
Site
120+ C
) 1009 = HO
SE
2 804 = H3
8%
EE 60 =3 H7
S=
5% 40} == H14
£< == H21
204
= H28
0
81 82 s3
Site
104 E
2 8-
£E = HO
Eo
e = H3
£t
B =3 H7
5t 4
Eg == H14
HIS = H21
o = H28
S1 S2 83

Site

431

the study period. MP abundance varied distinctly
over time among the three sampling sites (Figure
2a). This finding was supported by the results of
a two-way ANOVA that confirmed the significant
interaction between site and time (F (10, 36) =
4.437, p < 0.001, np? = 0.552), proving that the
temporal fluctuation of MP abundance in the
surface water was highly dependent on localized,
site-specific events over time.
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Figure 2. Comparison of Microplastic Abundance in the Winongo Stream Across Different Sampling Sites
Over a 28-day Study Period: (A) Surface water; (B) Cumulative Abundance in Sample Water; (C) Gills; (D)
GIT; (E) Muscle; (F) Cumulative Abundance Between Organs

.Error bars in Figure 2 represent the standard
deviation (n = 3 for each abundance, and n=18 for
cumulative abundance). Letters a, b, ¢ in images (B,
F) show the results of the Tukey post-hoc test after a
two-way ANOVA shows significant differences (p <
0,05). The Tukey post-hoc test shows a clear gradi-
ent in overall mean MP abundance across sites, from
highest at S2 to S3 to S1 (Figure 2B). This result is
also in accordance with the value of the main effect
of the sampling site (F (2,36) = 19.946, p < 0.001, np?
= 0.526). The main effect of time periods (F (2, 36) =
3.082, p < 0.001, np* = 0.300) also shows that samp-
ling time affects MP abundance in the water. These
results confirm that population density along the river
influences the MP pollution gradient in the Winongo

Stream, consistent with the considerations used to se-
lect sampling sites in this study.

Figure 2A shows that MP abundance in
the surface water fluctuates. However, the site
near the urban area (S2) shows a relatively stab-
le trend, indicating consistent MP input over
time. Consistent with previous reports by Bauer-
Civiello et al. (2019), Yin et al. (2021), and Zaki et
al. (2024), this study also observed the highest
MP abundance in the densely populated urban
area. Improper waste management in densely popu-
lated areas remains a source of MP contamination,
as domestic activities release MPs into the nearby
stream through wind transport. Another source
of MP contamination to the stream may come
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from atmospheric deposition (Owowenu et al.,
2023) and from intentional rubbish thrown away
by residents, as observed at the research location
during sampling.

In general, the abundance of MPs in the sur-
face water of the Winongo Stream was detected to
be lower than that of the other two streams in the
waters of Yogyakarta, namely Code (12-24 items/L)
(Ukasha et al., 2024) and Gajahwong (5-29 items/L)
(Sabilillah et al., 2023), and also with Nanjing River,
China (1.46 — 20.56 items/L) (Yan et al., 2021), but
relatively similar to the abundance of the Selangor Ri-
ver Basin, Malaysia (1.44 items/L) (Zaki et al., 2024),
Tapi-Phumduang River, Thailand (1.77 items/L)
(Chinfak et al., 2021), Red River, Vietnam (0.01-0.20
items/L) (Nguyen et al., 2020). Variations in samp-
ling techniques, preparation, identification, and MP
abundance calculations reported across countries still
make it challenging to compare MP abundance bet-
ween locations accurately. Nevertheless, the similarity
of the findings generally shows that MP abundance
is related to population density around the research
location.

This study detected the second-highest MP
abundance in S3 downstream, with the source of
MP contamination possibly coming from domestic
and agricultural activities. This contrasts with MP
abundance in the Brantas River, East Java (Buwono
et al., 2021b), which showed the highest abundance
downstream. This is because the downstream receives
alot of waste from the upstream. According to Crew
et al. (2020) and Masuku et al. (2025), variations in
MP abundance in surface water are influenced by
proximity to point sources, particle characteristics, to-
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pography, water flow, water depth, organic content,
and substrate type. In this case, although the Brantas
River has a wider coverage area than the Winongo
stream, the water flow in the Brantas River (0.1 — 0.7
m/s) is higher than in the Winongo stream (0.1 - 0.4
m/s), so pollutant transport downstream is faster and
contains more waste, including plastic debris. There-
fore, understanding MP dynamics and the factors that
influence them is important for mitigating pollutant
contamination at the source.

In contrast, this study detected the lowest
MP abundance in S1. Although population density,
a potential source of MP contamination, is lower in
S1thanin S2 and S3 (Figure 1), MPs in S1 may come
from plantations, fishing, and tourism activities in the
upper stream of S1. These results strengthen evidence
that MPs are ubiquitous, reaching the upper stream
(elevation * 2.400 m above sea level), as long as hu-
man activity inseparable from plastic use is present.

Microplastic abundance in the caged fish

The MPs detected in the gills, muscle, and
gastrointestinal tract (GIT) in this study show
that MPs in the surface water of the Winongo
Stream were available for ingestion by the caged
fish over 28 days. Cumulative abundance shows
that MPs were detected in the gills > GIT >
muscle across all sampling sites (Figure 2.F). In
line with the gradient of MPs abundance in the
surface water, the highest relative abundance of
MPs in the three organs was also detected in S2,
S3, and S1, respectively. This finding is supported
by the results of the two-way ANOVA, which are
presented in Table 2.

Table 2. Statistical Analysis of Microplastic Abundance using Two-Way ANOVA

Sample Sources F-value p-value np?
Gills Site 5.845 0.006 0.245
Time 93.823 <0.001 0.929
Site x Time 9.731 <0.001 0.730
GIT Site 0.529 0.594 0.026
Exposure Time 1.197 0.330 0.139
Site x Time 0.251 0.988 0.074
Muscle Site 2.308 0.114 0.114
Time 10.98 <0.001 0.604
Site x Time 0.651 0.761 0.153
Water Site 3.082 0.020 0.526
Time 19.946 <0.001 0.300
Site x Time 4.437 <0.001 0.552

Table 2 shows that the MP abundance in
the gills was strongly affected by the main factors,
which are site and exposure periods (time), and

also the interaction factor between site and expos-
ure periods. Different sites significantly affect gill
MP abundance (p < 0,05), with higher cumulati-
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ve MP abundance in urban and suburban areas
than in the relatively low-density population area
(Figure 2D). The decrease in MP abundance in
the gills over exposure time in this study (Figure
2C) indicates that the rate of MP elimination in
the gills exceeds the absorption rate. Moreover,
gill structure and continuous water exposure cau-
se entangled MPs to accumulate; however, elimi-
nation by water is also high, resulting in fluctua-
tions in MP abundance in the gills.

This study also observed an interesting
pattern in MP abundance in the GIT. Figure 2D
shows a similar trend of MP absorption and eli-
mination in the GIT of Wader pari fish over 28-
day exposure periods, likely related to the GIT’s
food-storage capacity. However, cumulatively, the
abundance of MPs in the GIT was higher than
the baseline and showed the same gradient as
the abundance of MPs in the surface water of
the Winongo Stream, namely, descriptively, the
highest was detected in S2 > S3 > S1, respec-
tively, although statistically the abundance of
MPs in the GIT did not differ between stations
and between exposure periods (Figure 2F). This
aligns with the statistical analysis, which found
no significant effect of site or exposure time on
MP abundance in the GIT. The low significance
in the GIT indicates efficient gastric evacuation
in R. lateristriata, where most ingested MPs are
eliminated in feces before absorption.

A
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In contrast, the MP abundance in the
muscle shows a time-dependent effect (p <
0.001), with the size effect reaching 0.604. The-
se results further confirm that MP translocation
between organs in natural aquatic environments
is not location-dependent; rather, MPs that suc-
cessfully enter the muscles are trapped and diffi-
cult to eliminate. The longer the exposure period,
the greater the probability of MP translocation.
The presence of MPs in the fish muscle has the
potential to move to other trophic levels through
the food chain, and potentially affect the health
of organisms and also the consumers of muscle-
contaminated MPs.

The conformity of MP characteristics in the
water and the caged-fish sample

MPs in this study were also characterized by
size, shape, and color. Figure 3 (A-C) shows that the
identified MPs in the surface water in the Winongo
Stream (S1, S2, S3) have similar characteristics, which
are small size, fiber shape, and black color. The diffe-
rences among the three sites are slight, mainly in the
percentage of each characteristic. The dominant cha-
racteristics of MPs are small (52.88%)), fiber (94.63%),
and black (59.64%) in S1 (Figure 2A); small (54.51%),
fiber (93.29%), and black (53%) in S2 (Figure 2B); and
medium (48.72%), fiber (94.02%), and black (49.68%)
in S3 (Figure 2C).

Figure 3. MP Characteristics from the Water And Fish Organs Based on Size, Shape, and Color (A:
in the S1; B: in the S2; C: in the S3), MPs Visual Observation (D: in the Water Sample; E: in the Gills;

F:in the GIT)
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Moreover, comparing MP characteristics
in water samples and biota in the study area will
help isolate contamination sources and more ac-
curately quantify contaminants in field samples
(McNeish et al., 2018). In this study, the domi-
nant MPs in the fish organs were relatively simi-
lar to the dominance of MPs in the water sample;
they consist of small size (> 50%), fiber shape (>
90%), and black color (> 30%) in all sampling
sites (Figure 2(A-C)). These results indicate that
MPs accumulated in test animals reflect the do-
minant size, shape, and color of MPs in Winon-
go Stream surface water. The morphology of the
MP particles detected in this study is presented
in Figure 2 (A-C), and the visual observation of
MPs detected in the water and fish samples can
be seen in Figure 2 (D-F).

Figure 2 also shows that plastic debris in the
environment has entered the Winongo stream and de-
graded into smaller sizes, reaching <1.5 mm (small),
1.6-3.2 mm (medium), and 3.3-5 mm (large).
Degradation can occur through photodegradation,
biodegradation, physical pressure, weathering, and
other environmental factors (Tan et al., 2023). Small
MPs also dominate in Surabaya River waters (Lestari
et al., 2023) and the Selangor River Basin (Zaki et al.,
2024). The small size of MPs increases their poten-
tial for passive absorption by aquatic organisms and
translocation to the animal’s organs.

By shape, fibers are the dominant MP at all
sampling sites in this study, followed by film, frag-
ments, and other shapes. The dominance of fibers
has also been reported in the waters of the Code
and Gajahwong Streams, Indonesia (Sabilillah et
al., 2023), Surabaya River, Indonesia, Selangor River
Basin, Malaysia (Zaki et al., 2024), Qinhuai River,
China (Yan et al., 2021), and Tapi-Phumduang River,
Thailand (Chinfak et al., 2021). The shape of MPs
affects their behavior in aquatic environments. Fibers
and films have high surface tension and float on the
water’s surface. In contrast, fragments have lower sur-
face tension and are more likely to settle in sediments
(Melkebeke et al., 2020; Xia et al., 2025). This shape
also suggests that particles in the surface water of the
Winongo stream came from plastic debris used in
daily domestic activities. The main sources of fiber
contamination include polyester, polylactide, nylon
(polyamide), rayon (semi-synthetic), acrylic, and po-
lypropylene (Rebelein et al., 2021).

Fragments are MPs resulting from the de-
gradation of strong plastics, such as containers,
pipes, and food containers. Films result from
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the degradation of thin plastic sheets, including
mulch, plastic bags, and plastic wrap. Styrofoam
results from the degradation of packaging pro-
ducts, food containers, and equipment for fishing
activities, and granules are primary MPs derived
from microbeads deliberately made by the in-
dustry for beauty products (Adji et al., 2022; Ku-
roda et al., 2024; Wu et al., 2019).

This study found no significant differences in
MP color profiles between stations. This study also
reported the dominance of black MP in the waters of
the Brantas River, Indonesia (Buwono et al., 2021b),
the Ciliwung River, Indonesia (Wilyalodia et al.,
2023), and the Qarasu River, Iran (Heshmati et al.,
2021). Black plastic is the most commonly used plas-
tic for various purposes, but its lower recycling rate
makes it a larger source of total MPs than other colors
(Huang & Xu, 2022). In addition, the variation in
MP color detected in this study reflects people’s daily
plastic products, including fragmented plastic contai-
ners, plastic bags, and colorful clothing fibers (Yan et
al., 2021; Haque et al., 2024). Although present at
low concentrations, these variations resemble natural
food, increasing the likelihood that aquatic organisms
in the Winongo will ingest them.

Moreover, Figure 3D shows the various si-
zes, shapes, and colors of MP particles in the sur-
face water, which enter the gastrointestinal tract
(Figure 3F) or are trapped in the gills (Figure 3E).
The image clearly shows the potential dangers
posed by MPs, including irregular fragments with
sharp ends that irritate the GIT epithelial layer.
As explained by McNeish et al. (2018), the fiber’s
small diameter increases the opportunity for MP
translocation from the digestive tract, disrupting
nutrient absorption and thereby affecting health.
The trapped fibers in the gills (3E) also disrupt
important processes such as filtration and circula-
tion. Lestari et al. (2023) found that Rasbora argy-
rotaeni has one of the highest levels of MPs in the
Surabaya River. This omnivorous, benthopelagic
fish can take up MPs from the water surface and
water column.

To ensure that the detected particles are
plastic debris, this study also conducted KBr-
FTIR spectra to determine the polymer type.
However, the particle weight limitation in this
study may have led to suboptimal peak readings.
Nevertheless, polymer identification according to
Jung et al. (2018) shows conformity between the
surface water and the fish organs (Figure 3(A-B)).
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Figure 4. The FTIR Spectra: (A) Particles from Water Sample; (B) Particles from Fish Organ

The results in Figure 4A indicate that the
polymers detected in the water sample are Low-
density polyethylene (LDPE), Polypropylene
(PP), and Polyamide (PA)/Nylon. Furthermore,
the polymers of MPs from the collected organs
(gills, muscles, GITs) in the three sampling sites
are PP and Nylon (Figure 3B). Low-density MPs,
such as PP (0.89-0.92 g/cm3) and PE (0.91-0.97
g/cm3), are commonly found in water because
they float on the surface and are easily carried
by river runoff. PE is the most commonly used
plastic, used in food packaging, cardboard liners,
shrink wrap, mulch film, squeezable bottles, and
trash bins. PP products include bottle caps, con-
tainer lids, duct tape, and automotive equipment.
Nylon or Polyamide (1.14 - 1.15 g/cm3) is a fiber
used in clothing, fishing nets, ropes, and automo-
tive equipment (Chinfak et al., 2021; Crawford &
Quinn, 2017).

MPs Risk Assessment
Pollution Load Index (PLI)

To compare MP contamination levels bet-
ween sites, PLI is the preferred index because it
uses the same baseline. In this study, the baseli-
ne was determined by the lowest abundance de-
tected in the surface water of Winongo stream.
Consistent with abundance, the Pollution Load

A

s1 s2 83
site

= st
= s2

= s3

st s2 s3
Site

Index (PLI) trend also showed PLI in S2 > S3 >
S1 (Figure 4(A-B)). The PLI level can be used to
determine the priority scale for actions to reduce
MP levels and the potential danger to the Winon-
go stream. The highest PLI indicates a potential
hotspot of MP contamination in the Winongo
stream: the urban area.

Figures 4A and 4B explain that although
the cumulative PLI in the Winongo Stream was
categorized as Minor to Moderate, the daily fluc-
tuating PLI (Figure 4A) reached high to extreme
levels. These findings serve as an early warning
of MP contamination in the Winongo Stream,
especially in urban areas, and necessitate action
to reduce its impact.

However, PLI varies widely, driven by environ-
mental dynamics and specific contaminant sources
rather than uniform spatial gradients. For example,
high-human-activity zones in China yielded elevated
PLIscores (Yin et al., 2021). Spatially, peak PLI sco-
res may align with downstream currents that facilitate
waste transport, as seen in the Code River (Ukasha et
al., 2024), or concentrate near localized waste treat-
ment facilities regardless of river zoning (Yan et al.,
2021). These shifting dynamics underscore that asses-
sing MP abundance via PLI alone cannot fully cap-
ture the complexity of plastic pollution, highlighting
the need for complementary, multi-index evaluations.

EDI (partikel.ig per Individu per day

s1 s2 s3
Site

Figure 5. Microplastic Risk Assessment in the Winongo Stream
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Coefficient of MPs Impact (CMPI)

In this study, the impact of MPs on the en-
vironment is also evaluated through the Coeffi-
cient of Microplastics Impact (CMPI). Variation
in CMPI values between stations reflects the do-
minance of specific MP shapes at each site and
provides details on the environmental impacts of
specific MP shapes (Ashwathi et al., 2025; Bappy
et al., 2025). Figure 5C indicates that, in this stu-
dy, fiber is in the extreme category at all sampling
sites, followed by film and fragment in the low
category. Fiber shows the highest CMPI in the
water and sediment of St. Mary’s Island (Khaleel
et al., 2023). The shape of fiber makes it easier to
translocate to other matrix environments, such as
the body of an organism, and affect health (Bap-
py et al., 2025).

Ashwathi et al. (2025) reported higher
CPM values in agricultural areas, especially tho-
se using mulch. This contrasts with the results of
this study. Although S3 in this study is an agri-
cultural area, the CMPI film falls in the low ca-
tegory. At the time of sampling in S3, there was
no significant use of mulch; the similar trend in
CMPI at this site in this study indicates that urba-
nization pressure strongly influences MP conta-
mination in the stream. Nevertheless, other MPs
have a low environmental impact and can also be
ingested by aquatic organisms. To support this,
this study included active biomonitoring to eva-
luate potential accumulation and assess microp-
lastic exposure in the Winongo Stream over time.

Bioavailability of MPs

PLI and CMPI provide quantitative values
for MP pollution levels and the impact of MP
form on the environment. Some indices can even
predict health risks based on the MP polymer
type. However, conventional monitoring still has
shortcomings, namely its inability to determine
the proportion of MP particles absorbed or the
bioavailability of MPs by aquatic organisms, so
the resulting risk assessment is less relevant to
actual ecological conditions. To bridge this met-
hodological gap, the Microplastic Index (MPI)
integrates heterogeneous particle characteristics
into a standardized risk matrix. By shifting the
analytical focus from mere quantity to biologi-
cally accessible hazards, MPI provides a robust
predictive framework for evaluating the actual
bioavailability of MPs, thereby improving the
accuracy of ecological risk assessments across
environments.

Figure 4D shows that the MPI-based pol-
lution gradient is similar to the PLI. The highest
MPI was detected in S2 (1.04 £0.25) > S3 (0.82

S. Ariyunita, S. Hadisusanto, B. Retnoaji, A. P. Nugroho/ JPII 15 (3) (2026) 425-441

(1.65) > S1 (0.80 (1.20). Although differences
between sites are not statistically significant, the
similar trend to PLI in this study reflects MPs
pollution in the environment. In highly urbanized
coastal zones, very high MPI (around 10) directly
correlated with increased MPs bioavailability and
increased bioaccumulation in benthic organisms
over time (Naidu et al., 2022). The study further
explained that MPI successfully synthesized raw
concentration data from heterogeneous matrices
(water and sediment) into functional indicators
of biological vulnerability, validating that bivalve
condition indices and soft tissue growth dynamics
were closely related to the bioaccessible fraction
of MP particles rather than MP environmental
abundance.

Estimated Daily Intake (EDI) and Potential
On Human Health Implication

The detection of MPs in the muscles of
caged fish in S1, S2, and S3 for 28 days in the
Winongo Stream suggests the potential for MP
transport to other animals or humans that con-
sume fish from the stream. As a source of pro-
tein needed for human growth, MP contamina-
tion, whether in the form of single pollutants or
interactions with other pollutants in the natural
environment, can cause health problems in fish
and pose a danger to humans who eat the fish
(Bhuyan, 2022; Erdogan, 2025). This study uses
fish consumption rates from BPS (2025). In 2024,
Indonesians consumed an average of 360 grams/
week of fresh fish and 41 grams/week of preser-
ved fish. Based on Koelmans et al. (2022), MP in
the natural environment averages 12.5 mg. The-
refore, the population is estimated to consume
76.71-124.22 MP particles per person per day,
equivalent to 0.58-1.52 mg of MP particles per
person per day. Figure 4E compares EDI across
the three sites. Figure 4E shows that S2 has the
highest EDI. This result is consistent with MP
abundance in surface water and GIT, PLI scores,
and MPI. Sites with high levels of contamination
and MP bioavailability tend to have higher EDI
and may pose a greater health risk.

As another index-based assessment, EDI
also varies between regions. The EDI in this stu-
dy is higher than that in the Southeast Black Sea,
which reached 0.17 MPs/g in scallops Flexopecten
glaber (Onay et al., 2026). Estimated daily sea-
food intake in some countries, such as China, In-
dia, Korea, the UK, Malaysia, Iran, Hong Kong,
and Spain, ranges from 0.06 to 598 particles/day,
with the highest EDI estimated for green mus-
sels (Heo et al., 2025). However, the data were
collected through passive biomonitoring, and
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the exact exposure duration at each location is
unknown. In this case, the EDI value from acti-
ve biomonitoring is more relevant for describing
actual environmental conditions because the test
animals and exposure duration are known with
certainty.

In addition, increased human exposure to
MP is driven by other MP-contaminated foods
such as salt and sugar (Makhdoumi et al., 2023),
shellfish (Ukasha et al., 2024), and others (Lusher
et al., 2017). MP inhalation is another source of
MP ingestion in humans and should be conside-
red (Zhang et al., 2020). So far, MPs have been
detected in human lung tissue (Amato-Lourengo
et al., 2021), the placenta (Ragusa et al., 2021),
and sputum (Huang et al., 2022). MPs can also
interact with other chemical compounds, such
as metals (Mn, Zn, Cu, Cd), Bisphenol A (BPA),
Polychlorinated biphenyls (PCBs), and Polycyclic
aromatic hydrocarbons (PAHs), thereby increa-
sing their harmful effects. Unused chemical com-
pounds that enter the body through MPs can bind
to proteins and hormone receptors, disrupting
metabolic processes (Crawford & Quinn, 2017).

However, reported effects of MP expos-
ure in animal models result from experimental
studies with MP levels far exceeding those in the
environment; therefore, they are not relevant for
assessing the risk of MP exposure in humans. So
far, no regulations govern food safety standards
for MP parameters because these synthetic par-
ticles are not considered a significant threat to hu-
man health (Gamarro & Coztanzo, 2022). Future
research should move beyond abundance-based
assessments by integrating chemical characteri-
zation of plastic additives and co-occurring con-
taminants, examining the long-term and multi-
generational effects of chronic MPs exposure on
freshwater organisms, and developing standardi-
zed methodologies that incorporate effect sizes
and uncertainty metrics into ecological risk as-
sessments. Such efforts will be critical for strengt-
hening cross-study comparability and building a
more comprehensive understanding of how MPs
influence freshwater ecosystem functioning, resi-
lience, and their implications for environmental
management and public health. Moreover, st-
rengthening solid waste management and was-
tewater treatment, implementing source-control
measures such as reducing single-use plastics and
improving textile waste handling, and incorpo-
rating MP monitoring into routine water-quality
assessment programs are essential steps to protect
aquatic biodiversity and sustain ecosystem servi-
ces that support domestic, agricultural, and fishe-
ries activities.

437

CONCLUSION

This study’s results add to data on MP abun-
dance in natural environments, showing the highest
abundance in urban areas. The uniformity of the test
fish in active biomonitoring reflects the real-time sta-
te of MP contamination in organisms and provides
more accurate comparative data between locations.
Although pollution levels are relatively low, the bio-
availability of MPs in fish organs indicates potential
exposure through food consumption, and they may
also affect human health. This study shows that in-
tegrating active biomonitoring with ecological risk in-
dices provides an effective early-warning framework
for assessing MP contamination in tropical freshwa-
ter ecosystems. The consistency of site severity across
all indices, by tracing MPs from surface water (PLI,
MPs abundance and characterization) to aquatic bio-
ta (MPI) and further to potential human exposure
pathways (EDI), provides a basis for ecosystem-based
management in river systems increasingly affected by
urbanization and land-use change. Beyond fits site-
specific relevance, the study underscores the broader
need for preventive, upstream-oriented policies to mi-
tigate MP pollution, to support the achievement of
SDGs 2, 6, 14, and 15. These are food security, clean
water, life below water, and terrestrial life.
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