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Abstract

Microplastic pollution has increasingly been recognized as a critical environmental threat to coral reef ecosystems,
known to disrupt feeding behavior, hinder skeletal deposition, and induce bleaching events. Despite growing awareness,
little is known about how such stressors are chronologically archived within coral growth bands, particularly in regions
exposed to simultaneous anthropogenic and natural pressures. This study investigates the relationship between coral
growth dynamics and microplastic contamination in the coastal waters of Central Tapanuli, Indonesia an area
characterized by dense human settlements (population 250,017 - 394,910), active shipping routes, and industrial growth
(1,802 - 2,568 units). The research was conducted at 2 reef sites representing gradients of human influence, Karang Island
and Ungge Island; coral cores were sectioned, X-rayed to visualize annual growth bands, and analyzed for embedded
microplastics using stereo microscopy and Fourier Transform Infrared Spectroscopy (FTIR). Growth rates at Karang
Island (2015 - 2024) ranged from 11 - 26 mm yr', while rates at Ungge Island (2019 - 2024) were 8 - 20 mm yr’;
microplastic concentrations were 3 - 20 particles g* (Karang, 2015 - 2024) and 3 - 16 particles g! (Ungge, 2019 - 2024).
Fibers (58% - 63%) were the dominant morphology, with particle sizes ranging from 25 - 873 pm. FTIR analysis (peaks:
555 - 3,409 cm™) identified a complex polymer mixture dominated by Polystyrene (19.9%), Polypropylene (16.2%), and
Polyvinyl Chloride (13.4%). Crucially, chronological analysis revealed a significant temporal trend: polymer diversity
increased from 11 unique types in 2015 to 15 unique types in 2024, including new engineered plastics. The dominance
of packaging-derived polymers reflects strong anthropogenic input, and this study provides the first evidence of
microplastic incorporation within coral growth bands in Central Tapanuli, demonstrating that coral skeletons not only
archive contamination but also record its increasing compositional complexity over time. These findings emphasize the

urgent need for integrated coastal management and stricter plastic-waste regulation in Indonesia’s reef ecosystems.

Keywords: Coral reefs, Microplastics, Anthropogenic causes, Natural causes, Ungge Island, Karang Island, Central
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Introduction of its waters [1]. These ecosystems are vital for
Indonesia, as the epicenter of the Coral Triangle, supporting biodiversity, providing coastal protection,

possesses the world’s richest marine biodiversity, and sustaining livelihoods, particularly in regions like

including over 574 coral species spanning 19,805 km? the Central Tapanuli Regency. However, these vital



Trends Sci. 2026; 23(6): 12323

20f20

ecosystems face an emergent threat from microplastic
(MP) pollution plastic fragments less than 5 mm in
diameter [2-5], originating from coastal anthropogenic
activities and the degradation of macroplastic waste
[6,7].

The ecological impacts of microplastics (MPs) are
multifaceted, posing both a physical and chemical threat
to marine biota. Physically, ingestion has been
documented across diverse taxa, including shellfish [8]
and fish [9]. Chemically, MPs act as vectors for
contaminants; their inherent physicochemical properties
(e.g., size, functional groups) and ambient
environmental conditions (e.g., temperature, salinity)
govern the sorption of external hazardous pollutants.
Simultaneously, they can leach their own intrinsic toxic
additives [10]. This synergistic effect, combining the
particle with adsorbed or leached toxins, exacerbates
toxicity to marine organisms, from primary producers
like phytoplankton to higher-level organisms [12]. This
process facilitates the trophic transfer of contaminants
from prey to predator, bioaccumulating up the food web
and ultimately threatening the safety of seafood
consumed by humans [13]. The comprehensive impacts
of these stressors on complex and sensitive coral reef
ecosystems, in particular, are now a subject of
increasing scientific scrutiny [11].

Recent research has confirmed that MPs pose a
direct threat to coral physiology. Experimental studies
demonstrate that MP exposure can reduce growth rates,
cause tissue necrosis, and weaken polyp activity [14,15].
Furthermore, chemical leachates from specific polymers
have been shown to disrupt the critical settlement
processes of coral larvae [18]. Field studies from diverse
locations, including the Mediterranean and the Gulf of
Thailand, have detected high concentrations of MPs in
reef habitats, even within protected areas [16,17]. These
findings confirm that MPs are found in coral mucus,
tissue, and skeletons, suggesting that reefs may act as
‘biological sinks’ for these contaminants [16].

While the contamination of coral matrices by MPs
is established, the understanding of how these stressors
are chronologically archived within the annual skeletal
growth bands remains severely limited. Consequently,
very little is known about whether coral skeletons can
be utilized as high-resolution archives to record
historical trends in plastic pollution, analogous to their

use in paleoclimatology. This knowledge gap is

particularly critical in regions like Indonesia, where
historical pollution data is scarce, yet anthropogenic
pressures are intensifying.

To address this knowledge gap, this study
investigates the relationship between coral growth
dynamics and microplastic contamination in the coastal
waters of Central Tapanuli. Specifically, this research
aims to: (1) reconstruct the temporal trends of
microplastic abundance embedded within coral cores
from 2015 to 2024; (2) identify the polymer composition
of these archived particles; and (3) assess the
relationship between microplastic accumulation in

corals and local anthropogenic drivers.

Materials and methods

The research was conducted in the coastal waters
of Central Tapanuli Regency, North Sumatra, Indonesia,
during the dry season (June - August 2025) to ensure
stable oceanographic conditions and optimal underwater
visibility.

A purposive sampling design was employed. Two
coral reef sites, Karang Island and Ungge Island (Figure
1), were selected to represent a clear gradient of
anthropogenic influence, with Karang Island being
closer to denser coastal settlements and shipping lanes.
At each island, 2 distinct coring stations (Karang: 1PK2,
4PK1; Ungge: 3PU1, SPU) were established, for a total
of four sampling stations. At each station, one core was
retrieved from a massive Porifes sp. colony at an
average water depth of 2 m using a pneumatic drill,
yielding four independent coral cores (biological
replicates). Immediately upon retrieval, cores were
rinsed with pre-filtered deionized (DI) water to remove
surface contaminants, and the precise growth direction
was marked [19].

In the laboratory, all four cores were vertically
sectioned into 3 mm slices and X-radiographed to
visualize annual high and low-density growth bands.
These bands were used to establish an annual
chronology and measure annual growth rates (mm yr™).
Based on the retrieved core lengths and clear banding,
the established chronology for Karang Island (stations
1PK2, 4PK1) covered the period 2015 - 2024, while the
chronology for Ungge Island (stations 3PU1, 5PU)
covered 2019 - 2024. For microplastic analysis, a

subsample of approximately 2 g of coral skeleton was
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precisely extracted from each identified annual growth
band from each of the four cores.

Microplastics were isolated from the carbonate
matrix via chemical digestion. Each 2 g subsample was
placed in a sealed glass beaker, and hydrochloric acid
(HC1, 10% v/v) was added until the carbonate skeleton
fully dissolved. Density separation was then performed
using a saturated NaCl solution (approx. 1.2 g cm™) to
concentrate low-density particles.

Rigorous QA/QC protocols were implemented to
prevent and quantify background contamination: (1) All
glassware was pre-combusted at 450 °C for 5 h and
thoroughly rinsed with pre-filtered DI water before use,
(2) All solutions (DI water, HCI, NaCl) were filtered
through a 0.45 pum filter prior to use, (3) All digestion
and filtration procedures were conducted in a closed-
beaker system under a laminar flow hood to prevent
airborne contamination, (4) Procedural blanks (n = 3),
consisting of all reagents without a coral sample, were
processed alongside the samples to quantify any
contamination introduced during the laboratory phase.
The insoluble residue from each sample was filtered
through Whatman No. 540 nitrocellulose membranes.
Particle counts from samples were corrected by
subtracting the average contamination found in the

based on morphology (fiber, fragment, film, etc.) and
color. The polymer composition of a representative
subset of isolated particles was confirmed using Fourier
Transform Infrared (FTIR) spectroscopy (Thermo
Scientific Nicolet i510) equipped with a KBr/Ge beam
spliter and a DTGS detector. Acquired infrared
absorption spectra were compared against an
international polymer reference database to identify
dominant polymer types (Figure 2).

To investigate potential drivers of contamination,
time-series data for anthropogenic factors (population
density, coastal industrial activity) [20] and natural
parameters (rainfall, air temperature, sea surface
temperature - SST) [21-25] were obtained from official
government and climatological sources (Figure 3).

Data

quantitative approach. All statistical analyses were

processing employed a descriptive-
performed using R (v4.3.1). Pearson correlation analysis
was used to assess the linear relationships between: (1)
annual microplastic abundance (particles g!) and coral
growth rate (mm yr'), and (2) microplastic abundance
the
Subsequently, linear regression models were applied to
the

anthropogenic (e.g., population) and natural (e.g., SST)

and corresponding environmental variables.

quantify predictive strength of significant

procedural blanks. drivers on the observed microplastic concentrations over
Filtered membranes were observed under a stereo time.
microscope. Particles were characterized and counted
)
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Figure 1 Location of Ungge Island and Karang Island, Central Tapanuli.
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Figure 3 Cycle of anthropogenic cause and natural cause in microplastics.

Results and discussion

Temporal distribution and abundance of
microplastics

The temporal distribution and composition of
microplastic (MP) particles from 2015 - 2024 (Karang
Island) and 2019 - 2024 (Ungge Island) revealed highly
localized and variable contamination patterns across the
four stations (Figures 4 and 5). At Karang Island, station
1PK2 experienced an extreme contamination event in
2020 (40 particles), dominated by Fibers and Fragments,

while the nearby station 4PK1 exhibited different peaks
in 2018 and 2021 (20 particles) with a notable presence
of Pellets (Figure 4). Conversely, at Ungge Island,
station SPU showed a steady increase to its maximum in
2024 (23 particles), consisting almost entirely of Fibers.
In stark contrast, station 3PU1 displayed major peaks in
both 2020 (32 particles) and 2024 (33 particles) and was
uniquely characterized by a high abundance of Pellets
and Films (Figure 5). These results demonstrate

complex local dynamics, as 2020 was a peak
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contamination year for stations 1PK2 and 3PU1 but a
low-contamination year for 4PK1 and 5PU. This
temporal divergence, combined with the significant
compositional differences (e.g., the high prevalence of

Pellets at 3PU1), strongly suggests that the reef stations
are impacted by varied and distinct local pollution

sources.

Temporal Distribution and Trend of Microplastic Composition in Coral Reefs of Karang Island (2015-2024)
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Figure 4 Temporal distribution and composition of microplastic particles at Karang Island Stations (1PK2 and 4PK1)

from 2015 - 2024.

Temporal Distribution and Trend of Microplastic Composition in Coral Reefs of Ungge Island (2019-2024)
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Figure 5 Temporal distribution and composition of microplastic particles at Ungge Island Stations (5PU and 3PU1) from

2019 - 2024.

Microplastic characterization by morphology
and color

The analysis of overall microplastic prevalence
(Figure 6) demonstrated that Fibers were unequivocally
the most dominant morphology at both sites, composing
63.4% of the total particles at Ungge Island and 58.2%
at Karang Island. The secondary composition varied by

location: Pellets were the second most abundant type at
Karang Island (32.4%), whereas at Ungge Island, this
rank was shared by Pellets (21.7%) and Fragments
(12.3%). Films and Foams were negligible at both sites
(< 2%). The color distribution analysis (Figure 7)
further detailed these compositions by particle count,
revealing that the dominant Fiber category (160
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particles at Karang, 149 at Ungge) was primarily
composed of Black (e.g., 32.5% at Karang) and Blue
(e.g., 33.8% at Karang) particles. In contrast, the
significant Pellet category (89 particles at Karang, 51 at
Ungge) was overwhelmingly dominated by Yellow
(69.7% at Karang, 66.7% at Ungge) and Black (25.8%
at Karang, 31.4% at Ungge) particles, while Fragments
were also predominantly Black.

The annual microplastic size distribution and
dominant morphological types are detailed in Table 2.
Particle the
chronology, ranging from a minimum of 25 um

sizes were highly variable across

(recorded at Ungge Island in 2020) to a maximum of 873
pm (at Karang Island in 2016). Fibers were the most

63.4%

60 58.2%

40

30

Percentage (%)

20 F

12.3%
8.4%

. /)

1.7%

0.7%

persistent dominant morphology, identified as a primary
or co-dominant type in every year at both locations.
Fragments and Pellets were also frequently co-
dominant, though their prevalence varied annually. For
instance, Pellets were notably co-dominant with Fibers
at Karang Island during the 2015 - 2016 period and
again in 2020. The data also reveals significant annual
fluctuations in size distribution. At Karang Island, the
largest maximum particle sizes (873 and 838 um) were
recorded in the earliest years (2016 and 2015,
respectively), while the smallest particles (e.g., 25 pm at
Ungge Island) were observed in later years, indicating a

complex and dynamic influx of particle sizes over time.
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Figure 6 Overall microplastic prevalence by morphological type (%) at Karang Island and Ungge Island.
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Figure 7 Total particle count by color and morphological type across both islands.
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Table 2 Annual microplastic size range (um) and dominant morphological types identified at Karang Island (2015 - 2024)

and Ungge Island (2019 - 2024).

Location Year Lowest (um) Highest (um) Dominant types of microplastics

Karang Island 2024 76 101 Fiber, Fragment
2023 62 298 Fiber
2022 44 84 Fiber, Fragment
2021 39 96 Fiber
2020 40 479 Pellet, Fiber
2019 38 185 Fiber, Fragment
2018 55 108 Fiber, Fragment
2017 56 247 Fiber
2016 90 873 Fiber, Pellet
2015 457 838 Fiber, Pellet

Ungge Island 2024 71 328 Fiber, Fragment
2023 29 77 Fiber, Fragment
2022 31 285 Fiber, Pellet
2021 92 839 Fiber, Fragment
2020 25 115 Fiber
2019 31 151 Fiber, Fragment

Polymer composition and spatial divergence

The polymer composition of microplastics was
confirmed using Fourier Transform Infrared (FTIR)
spectroscopy, which identified characteristic absorption
peaks for key functional groups, including N-H
stretching (Nylon), C-O stretching (Polycarbonate), C-
and C-H bending
(Polystyrene and PET) (Figure 8). An analysis of the

C stretching (Polypropylene),

overall contribution of all identified polymers from
2015 - 2024 (Figure 11) revealed that the contamination
was dominated by conventional packaging plastics. The
most abundant polymers were Polystyrene (PS, 19.9%),
Polypropylene (PP, 16.2%), and Polyvinyl chloride
(PVC, 13.4%), followed by textile-related polymers
Nylon (PA, 8.7%) and PET (7.6%). However, the
temporal frequency analysis revealed that this overall
composition was not uniform between the 2 sites. At
Karang Island (2015 - 2024) (Figure 9), the dominance
of PS and PP was evident, with both polymers being
detected at high frequencies (frequency 3 - 6)
consistently across the entire decade. In stark contrast,
Ungge Island (2019 - 2024) (Figure 10) exhibited a
distinctly different polymer profile; PS and PP were

detected at very low frequencies (frequency 0 - 2), while
Acrylonitrile Butadiene Styrene (ABS) and Latex were
the most frequently identified polymers (frequency 3 -
5). This spatial divergence in polymer composition
suggests different and distinct primary pollution sources
impacting each island.

The annual polymer identification for both Karang
Island stations, 1PK2 (Table 3) and 4PK1 (Table 4),
was confirmed using FTIR analysis. A strikingly
consistent contamination profile emerged across the
entire island. The most significant finding was the
ubiquitous and persistent presence of Nylon
(polyamides), which was detected in 10 out of 10 years
at station 4PK1 and 8 out of 10 years at station 1PK2.
This dominant Nylon signal was consistently co-
identified with other major industrial and packaging
polymers. Polyvinyl chloride (PVC) was frequently
detected at both sites (e.g., C-Cl stretching at 619.61
cm™), identified in 5 of the 10 years at 4PK1 and 3 of
the 10 years at 1PK2. Polystyrene (PS) was also a
recurring contaminant at both stations (e.g., C-H
bending at 699.35 cm™). The data from both stations

confirms that Karang Island is subjected to a persistent,
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mixed-polymer  contamination  signal  strongly
dominated by Nylon, PVC, and PS, suggesting chronic
inputs from sources like fishing gear and packaging
waste.

The annual polymer identification for the 2 Ungge
Island stations, 3PU1 and 5PU, is presented in Tables 5
and 6, A

contamination profile was observed across both sites,

respectively. strikingly  consistent
which differed significantly from the profile at Karang
Island. The data reveals the ubiquitous presence of
Nylon (polyamides), which was detected in 10 of the 11
total station-years analyzed (e.g., via N—H stretching at

3,346.60 cm™ in 2024 at 3PU1). This persistent Nylon

signal was consistently co-mingled with Acrylonitrile
Butadiene Styrene (ABS) (e.g., C—H stretching at
699.43 cm™ in 2021) and Polyvinyl Chloride (PVC)
(e.g., C-Cl stretching at 654.44 cm™ in 2020), which
were both identified in multiple years at both stations.
Notably, Polystyrene (PS), which was a dominant
polymer at Karang Island, was largely absent at Ungge
Island. This distinct polymer signature (Nylon + ABS +
PVC) suggests a different set of primary pollution
sources. Furthermore, the identification of the
engineered plastic PTFE in 2024 at station 3PU1 (Table
5) the

complexity over time.

supports finding of increasing polymer
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Figure 8 Representative FTIR spectra identifying key polymer functional groups from coral samples.
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Figure 9 Temporal frequency of polymer types detected at Karang Island (2015 - 2024).
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Polymer Type Frequency Detected on Coral Reefs in Ungge Island (2019-2024)
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Figure 10 Temporal frequency of polymer types detected at Ungge Island (2019 - 2024).

Overall Contribution of Polymer Types (2015-2024)

Polystyrene (PS) | 19.9%
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Polyethylene terephthalate (PET) | 7.6%
Acrylonitrile Butadiene Styrene (ABS) | 6.5%
Polycarbonate (PC) | 5.8%
Latex | 4.7%
Cellulose (CA) | 3.5%
Acrylic / PAN | 3.3%
Polyester (PES) | 2.9%
Polyethylene (PE, HDPE, LDPE) | 2.5%
PMMA 1.5%
PU (Polyurethane) | 1.2%
EVA | 0.9%
PTFE| 0.8%
PESU (Polyethersulfone) | 0.7%
Nitrile 0.7%

Biofilm [ 03%

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Percentage (%)

Figure 11 Overall percentage contribution of dominant polymer types identified across all samples (2015 - 2024).

Table 3 Annual polymer identification from FTIR analysis at Karang Island Station 1PK2 (2015 - 2024).

Wave Number

Location Year Functional Group Polymer Type
(cm™)
Karang . .
2024 619.81, 3,373.15 N-H stretching Nylon (all polyamides)
Island
2023 621.08, 3,356.02 O-H bending Cellulose (CA), Nylon
C-H bending, C=N Polystyrene (PS), Acrylic (PAN,
2022 699.35,2,522.56 ' ystyrene (P5), Actylic (
stretching Polyacrylonitrile)
C—Cl stretching, N-H . )
2021 620.11, 3,383.31 . Polyvinyl chloride (PVC), Nylon
stretching
2020 619.61 C—Cl stretching Polyvinyl chloride (PVC)
3,390.95, 627.50, O—H stretching, C-H )
2019 Biofilm, PVC, Nylon

3,376.97 bending, N-H stretching
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Location

Year

Wave Number

Functional Group

Polymer Type

(em™)
) Polyethylene terephthalate (PET),
2018 623.50, 3,380.45 Ester C=0, N-H stretching
Nylon
C—Br stretching, N-H
2017 594.14, 3,373.46 ) Polystyrene (PS), Nylon
stretching
C—Cl stretching, N-H ) )
2016 624.74, 3,409.38 . Polyvinyl chloride (PVC), Nylon
stretching
C—H bending, C=0 Polystyrene (PS), Nylon (PA
2015 699.35,3,370.22 ' ystyrene (PS), Nylon (PA)
stretching

Table 4 Annual Polymer Identification from FTIR Analysis at Karang Island Station 4PK1 (2015 - 2024).

Location Year Wave Number (cm™) Functional Group Polymer Type
C—Br stretching, . .
Karang Island 2024 603.37, 3,322.11 i Polyvinyl chloride (PVC), Nylon
N-H stretching
2023 625.26 Ester C=0 Polyethylene terephthalate (PET)
C—Cl stretching, . )
2022 627.42, 3,404.54 ) Polyvinyl chloride (PVC), Nylon
N-H stretching
O-H bending,
2021 623.66, 3,344.04 ) Cellulose (CA), Nylon
N-H stretching
C—Cl stretching, . )
2020 617.28, 3,370.94 . Polyvinyl chloride (PVC), Nylon
N-H stretching
C—Cl stretching, . .
2019 617.66, 3,382.07 . Polyvinyl chloride (PVC), Nylon
N-H stretching
C—Cl stretching
2018 572.32, 3,360.44 (chlorine vibration), N—  Polyvinyl chloride (PVC), Nylon
H stretching
C—H bending,
2017 699.42,3,376.10 . Polystyrene (PS), Nylon
N-H stretching
C-H bending,
2016 699.37, 3,374.75 . Polystyrene (PS), Nylon
N-H stretching
O-H bending, Cellulose (CA), Nylon
2015 655.19, 3,363.32

N-H stretching

Table 5 Annual polymer identification from FTIR analysis at ungge island station 3PU1 (2019 - 2024).

Location

Year

Wave Number (cm™)

Functional Group

Polymer Type

Ungge Island

2024

2022

2021

2020

2019

643.80, 3,346.60,
566.55
3,372.28, 625.43
3,363.59, 699.43

3,331.34, 654.44

3,308.33, 3,363.28

C—C-F bending, N-H stretching,
C-Cl1

N-H stretching, C—Cl stretching
N-H stretching, C—H stretching

N-H stretching, C—Cl stretching

N-H stretching, Aromatic C—H

out of plane bending

PTFE, Nylon (all polyamides),
Polyvinyl Chloride (PVC)

Nylon (all polyamides), Polyvinyl
Chloride (PVC)

Nylon (all polyamides), Acrylonitrile
Butadiene Styrene (ABS)

Nylon (all polyamides), Polyvinyl
Chloride (PVC)

ABS, Nylon (all polyamides)
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Table 6 Annual polymer identification from FTIR analysis at ungge island station SPU (2019 - 2024).

Location Year Wave Number (cm™) Functional Group Polymer Type
Ungge Island 2024 699.39 Aromatic C-H out of plane ~ ABS

bending

2023 3,375.23, 622.10 N-H stretching, Nylon (all polyamides), Polyvinyl
C—Cl stretching Chloride (PVC)

2022 3,374.54, 699.34 N-H stretching, Aromatic Nylon (all polyamides), ABS
C—H out of plane bending

2021 3,315.99, 610.24 N-H stretching, Nylon (all polyamides), Polyvinyl
C—Cl stretching Chloride (PVC)

2020 3,330.98, 699.40 N-H stretching, Aromatic Nylon, ABS
C—H out of plane bending

2019 3,376.32, 627.98, 3,388.89  N-H stretching, Nylon, Polyvinyl Chloride (PVC),

C—Cl stretching

Nylon

Temporal decline in annual coral growth rates
A pronounced and consistent decline in annual
coral growth rates was observed across all four stations
(Figure 12). At Karang Island, station 1PK2 (St.1)
decreased from its growth peak of 26 mm yr in 2016
to 15 mm yr! by 2024. Station 4PK1 (St.4) exhibited a

similar decline, falling from 25 mm yr* in 2017 to 11

mm yr ! in 2024. The trend was also evident at Ungge
Island; station 5PU (St.5) declined from 20 mm yr! in
2019 to 11 mm yr' in 2024, while station 3PU1 (St.3)
showed the steepest decline, from 14 to 8 mm yr! over

the same 6-year period.

Coral Growth in Relation to Microplastic Particles

Coral Reef Growth vs Microplastic Particles
Karang Island (St.1, St.4) and Ungge Island (St.5, St.3)
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Figure 12 Annual Coral Growth Rates (mm yr ') at Karang Island and Ungge Island.

Intensification of anthropogenic drivers

This decline in coral health coincided with a clear
and steady intensification of local anthropogenic
pressures. The total population of Central Tapanuli

Regency increased from 350,017 in 2015 to 394,910 in

2024 (Figure 13). Similarly, the number of total
industries expanded from 1,802 units in 2015 to 2,568
units in 2024, with a particularly sharp increase in
annual growth observed in 2020 (Figure 14 and Table
1).
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Total Population vs Annual Growth (2015-2025)
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Figure 13 Total population growth in Central Tapanuli Regency (2015 - 2024).
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Figure 14 Growth in the number of industries in Central Tapanuli Regency (2015 - 2024).

Visual synthesis of coral growth and

environmental stressors
Figure 15 visually synthesizes these relationships,
overlaying the declining coral growth lines with the

temporal trends of microplastic contamination and the

implicit rise of anthropogenic factors. The graph
visually suggests an inverse relationship: Years with
high microplastic particle loads (e.g., 40 particles at
1PK2 in 2020) correspond to low points in coral growth
(11 mm at 1PK2 in 2020).

Coral Reef Growth vs Anthropogenic Factors (2015-2024)
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Figure 15 Visual synthesis of declining coral growth rates in relation to anthropogenic factors.
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Table 1 Summary of minimum and maximum values for measured anthropogenic and natural causes (2015 - 2024).
Max

Parameter

Population (People)
Number of Industries
Rainfall (mm)
Air Temperature (°C)

Sea Surface Temperature (SST °C)
Ungge Island Microplastic (Particles/g)
Karang Island Microplastic (Particles/g)

Coral Growth on Ungge Island (mm)

Coral Growth on Karang Island (mm)

Min
250,017 394,910
1,802 2,568
301.21 449.39
26.32 27.36
29.49 30.38
6 33
4 40
8 20
11 26

Trends in natural climate factors
Natural factors also exhibited potential stress-

inducing trends during the study period. Annual rainfall
was highly variable, with major precipitation years in
2016 (449.39 mm) and 2021 (402.42 mm) and a
significant dry period in 2022 (301.21 mm) (Figure 16).
More critically, thermal stressors intensified. Air

Rainfall vs Annual Change (2015-2024)

300

temperature fluctuated but concluded with a sharp

increase, reaching its decadal peak in 2024 (27.36 °C)
(Figure 18). This corresponded with trends in Sea
Surface Temperature (SST), which consistently showed
median annual temperatures approaching or exceeding
the 30 °C thermal stress threshold, particularly in 2016,

2020, 2021, and 2024 (Figure 17).
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Figure 16 Total annual rainfall (mm) in Central Tapanuli Regency (2015 - 2024).
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Sea Surface Temperature per Year (2015-2024)
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Figure 17 Annual Sea Surface Temperature (SST) trends at Karang Island and Ungge Island (2015 - 2024).
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Figure 18 Annual mean air temperature trends at Central Tapanuli Regency (2015 - 2024).

Statistical correlation between coral growth
and environmental drivers
validate the

suggested visually, a Pearson correlation analysis was

To statistically relationships
performed, correlating annual coral growth at each
station against the 5 primary environmental stressors
(Figure 19). The resulting heatmap and contour plot
confirmed a predominantly strong and negative
correlation between coral growth and the measured
drivers. The strongest and most consistent negative
correlations were observed between coral growth and

the anthropogenic factors: Industry (r-values ranging

from —0.53 to —0.86) and Population (r-values ranging
from —0.35 to —0.72). Thermal stress from SST also
showed a strong negative correlation, particularly at
station 4PK1 (r =

demonstrated a consistent, though more moderate,

—0.77). Microplastic abundance

negative correlation with annual growth at all four sites,
with coefficients ranging from » = —0.12 to » = —0.47.
These statistical results quantitatively confirm that the
observed decline in coral growth is significantly
associated with the cumulative pressures of coastal
industrial and population growth, regional thermal

stress, and persistent microplastic pollution.
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Correlation between Coral Reefs and Natural and Anthropogenic Factors
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Figure 19 Pearson correlation matrix detailing the relationships between annual coral growth and measured

environmental drivers (anthropogenic and natural).

Discussion

The quantification of microplastic particles
embedded within the coral skeletons (ranging from 3 -
20 particles/g at Karang Island and 3 - 16 particles/g at
Ungge Island) provides the first critical baseline for this
contamination vector in Central Tapanuli [11,26]. The
observed concentrations suggest significant local
environmental loading. This is strongly supported by the
parallel data on regional anthropogenic pressures, which
showed a steady increase in population (to 394,910) and
industrial activity (to 2,568 units). This finding aligns
with a broad consensus in the literature that escalating
anthropogenic activities in coastal zones are a primary
driver of microplastic pollution in adjacent marine
ecosystems [27-29].

The morphological analysis reinforces this link to
anthropogenic sources. The unequivocal dominance of
fibers (58.18% - 63.40%) at both sites is highly
consistent with global marine pollution studies [30,31].
This strongly implicates 2 primary pollution pathways:
1) domestic wastewater (from synthetic textile laundry)
and 2) degradation of fishing gear (nets, ropes, and
lines), which are known to be major sources of
microplastic fibers [30,31]. The wide particle size range
(25 - 873 um) and the co-occurrence of fragments and
films reflect a complex pollution landscape, indicative
of continuous in-situ fragmentation of larger plastic
debris by UV

radiation, hydrodynamic-driven

mechanical abrasion, and biological interactions [26,35-
40]. The prevalence of dark-colored particles (black,
blue) also aligns with findings from other marine studies
[12,32-34].

The FTIR analysis (peaks: 555.19 - 3,409.38 cm™)
provided a definitive chemical fingerprint of the
pollution [41-44]. The overall dominance of Polystyrene
(PS, 19.9%), Polypropylene (PP, 16.2%), and Polyvinyl
Chloride (PVC,

pollution sources are linked to conventional, single-use

13.4%) confirms that the primary

packaging and industrial materials [40]. The additional
contribution of Nylon (8.7%) and PET (7.6%) further
corroborates the hypothesized inputs from textiles and
fishing gear [45,46].

Perhaps the most significant finding of this study
is the temporal increase in polymer diversity, which rose
from 11 unique types in 2015 to 15 types by 2024. This
trend, supported by Sutthacheep et al. [37]; Hierl et al.
[47], indicates that the sources of plastic pollution are
not only persistent but are actively broadening. While
conventional polymers (PS, PP, PVC) remain the core
pollutants [40,46], the emergence of new engineered
plastics such as ABS, PMMA, and PTFE in recent years
signals new, complex contamination pathways linked to
expanding industrial applications and consumer product
waste streams. This simultaneous rise in polymer
[37,47]
compounding ecological challenge, as each polymer

abundance and diversity presents a
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possesses distinct degradation rates, chemical leachates,
and potential toxicological impacts.

The strongest statistical drivers identified were
industrial growth (r-values up to —0.86) [20], Sea
Surface Temperature (SST) (» up to —0.77), and
population growth (» up to —0.72) [27]. The strong
negative correlation with population and industry
supports the hypothesis that coastal development,
leading to factors such as habitat degradation, resource
exploitation, and declining water quality, is a primary
cause of reef degradation [52,53].

Simultaneously, the thermal stress from rising
SST is a well-established driver of coral decline. Our
data, showing SSTs consistently approaching or
exceeding the critical 30°C bleaching threshold,
provides clear evidence of this pressure. This aligns
perfectly with studies by Abeysinghe et al. [32]; Yao
and Wang [58], which confirm that heat stress disrupts
the coral-zooxanthellae symbiosis, impairs
photosynthetic activity, and increases oxidative stress,
leading directly to bleaching and reduced calcification.
These stressors are likely compounded by high rainfall
events, which can increase terrestrial runoff, leading to
sedimentation and eutrophication that further reduce
light penetration and coral resilience [54-57].

This study demonstrates that microplastic
pollution acts as a significant, chronic, and
compounding stressor. The observed moderate negative
correlation (r = —0.12 to —0.47) between microplastic
abundance and coral growth is mechanistically plausible
and supported by extensive literature. High
concentrations of MPs are known to negatively impact
coral physiology by reducing growth rates and
weakening polyp activity [15,31,50,51].

The physical presence of particles, as observed in
this study, can interfere with feeding mechanisms and
block light, thereby disrupting the photosynthetic
processes of symbiotic algae [48,49]. Furthermore,
chemical leachates from the polymers (such as those
identified in our FTIR analysis) have been shown to
inhibit the critical settlement process of coral larvae,
directly threatening reef regeneration [18].

The relationship is not always linear; for example,
high growth in 2016 at 1PK2 occurred despite moderate
MP levels. This reinforces that microplastics are not the
sole driver of mortality but are a crucial part of a

synergistic stress model. The coral ecosystems in

Central Tapanuli are under a multi-faceted assault. The
data strongly suggests that coral resilience, already
severely compromised by chronic thermal stress (SST)
and declining water quality (population, industry), is
being further eroded by an intensifying and increasingly

complex burden of microplastic pollution.

Conclusions

This study provides the first quantitative evidence
of microplastic (MPs) incorporation within the annual
growth bands of corals in Central Tapanuli, establishing
their utility as chronological archives for pollution. We
documented significant contamination (ranging from 3 -
20 particles/g), predominantly composed of fibers (58%
- 63%) and polymers linked to packaging and industrial
sources (e.g., PS, PP, PVC, and Nylon). Crucially, this
research reveals not only the presence of plastics but
also a significant temporal increase in polymer diversity
over the last decade (from 11 to 15 unique types),
indicating a broadening and intensification of pollution
sources. Statistical analysis confirmed a pronounced
decline in coral growth rates across all sites. This decline
was most strongly correlated with intensifying
anthropogenic drivers, specifically industrial expansion
(r-values up to —0.86), and natural stressors, namely Sea
Surface Temperature (r-values up to —0.77).
Microplastic abundance demonstrated a moderate but
statistically significant negative correlation (r-values up
to —0.47), identifying it as a chronic, compounding
stressor. These findings quantitatively demonstrate that
coral ecosystems in this region are under a cumulative
assault from thermal stress, accelerating coastal
development, and an increasingly complex plastic
pollution burden, underscoring the urgent need for
integrated coastal management and stricter regional

waste regulations.
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