ISSN 2408-2384 (ONLINE)

Environment and
Natural Resources
Journal

Volume 23 Number 5 September - October 2025

The endangered green peafowl (Pavo muticus). The species distribution modeling
reveals how climate change and habitat factors threaten the green peafowl’s remaining
strongholds in Thailand.

Source: Prommakul K, Noowong J, Charaspet K, Kaewdee B, Siripattaranukul K, Duengkae P, Simchareon S,
Sukmasuang R. Predicting habitat suitability for the endangered green peafowl (Pavo muticus L., 1766)
in Thailand’s Western Stronghold under future climate scenarios. Page 469-482

[=]

= S TCH

N D EX Guetoinsaaunsaising

Analytics — e e 1ot Goee

SCOPUS 2 Clarivate (==




Environment and Natural Resources Journal (EnNRJ)
Volume 23, Number 5, September - October 2025 ISSN: 2408-2384 (Online)

FOCUS AND SCOPE

Environment and Natural Resources Journal (EnNRJ) is a peer-reviewed journal which provides a platform for
exchanging and distributing knowledge and cutting-edge research in environmental science and natural resource
management to academicians, scientists, and researchers.

The scope of the journal covers the integration of multidisciplinary sciences for prevention, control, treatment,
environmental clean-up, and restoration. The study of existing or emerging problems related to the environment and natural
resources in Southeast Asia and the development of innovative knowledge and/or creative recommendations for mitigation
measures and sustainable development are emphasized. The subject areas are diverse, but specific topics of interest include:

- Biodiversity

- Climate change

- Detection and monitoring of pollutants and their sources (e.g., agriculture, industry, mining, urban activities,
accidents)

- Disaster (e.g., forest fires, flooding, earthquakes, tsunamis or tidal waves)

- Ecological/Environmental modelling

- Emerging contaminants/hazardous wastes investigations and remediation

- Environmental dynamics (e.g., coastal erosion, rising sea levels)

- Environmental assessment tools, policy, and management [e.g., GIS, remote sensing, and Environmental
Management Systems (EMS)]

- Pollution control and innovative solutions for pollution reduction

- Remediation technology in contaminated environments

- Transboundary pollution

- Waste and wastewater treatments and disposal technology

Schedule
Environment and Natural Resources Journal (EnNRJ) is published 6 issues per year in January-February, March-April,
May-June, July-August, September-October, and November-December.

Publication Fees
An article publication fee in the Environment and Natural Resources Journal is set at a rate of 250 USD per article, payable
after the final acceptance of the manuscript.

Ethics in publishing
EnNRJ follows closely a set of guidelines and recommendations published by Committee on Publication Ethics (COPE).



Environment and Natural Resources Journal (EnNRJ)
Volume 23, Number 5, September - October 2025 ISSN: 2408-2384 (Online)

EXECUTIVE CONSULTANT TO EDITOR

Professor Dr. Benjaphorn Prapagdee

(Mahidol University, Thailand)

Associate Professor Dr. Kitikorn Charmondusit
(Mahidol University, Thailand)

EDITOR

Associate Professor Dr. Noppol Arunrat
(Mahidol University, Thailand)

ASSOCIATE EDITOR

Assistant Professor Dr. Piangjai Peerakiatkhajohn
(Mahidol University, Thailand)

Dr. Jakkapon Phanthuwongpakdee

(Mahidol University, Thailand)

EDITORIAL BOARD

Professor Dr. Aysegul Pala

(Dokuz Eylul University, Turkiye)

Professor Dr. Hermann Knoflacher

(Vienna University of Technology, Austria)
Professor Dr. Hideki Nakayama

(Nagasaki University, Japan)

Professor Dr. Jung-Ho Yun

(Kyung Hee University, South Korea)

Professor Dr. Sompon Wanwimolruk

(Mahidol University, Thailand)

Professor Dr. Uwe Strotmann

(University of Applied Sciences, Germany)
Associate Professor Dr. Chuleemas Boonthai IWAI
(Khon Kaen University, Thailand)

Associate Professor Dr. Devi N. Choesin

(School of Life Sciences and Technology, Indonesia)
Associate Professor Dr. Pasicha Chaikaew
(Chulalongkorn University, Thailand)

Associate Professor Dr. Pirom Noisumdaeng
(Thammasat University, Thailand)

Associate Professor Dr. Pongchai Dumrongrojwatthana
(Chulalongkorn University, Thailand)

Associate Professor Dr. Sate Sampattagul

(Chiang Mai University, Thailand)




Associate Professor Dr. Schradh Saenton
(Chiang Mai University, Thailand)
Associate Professor Dr. Takehiko Kenzaka
(Setsunan University, Japan)

Associate Professor Dr. Vimoltip Singtuen
(Khon Kaen University, Thailand)
Associate Professor Dr. Xu Tian
(Shanghai Jiao Tong University, China)
Assistant Professor Dr. Anish Ghimire
(Asian Institute of Technology, Thailand)
Assistant Professor Dr. Said Munir
(University of Leeds, United Kingdom)
Assistant Professor Dr. Toru Hamamoto
(Tohoku University, Japan)

Dr. Davide Poggio (Research Associate)
(University of Sheffield, United Kingdom)
Dr. Ho Ngo Anh Dao

(Ton Duc Thang University, Viet Nam)

Dr. Miaogiang Lyu

(The University of Queensland, Australia
Dr. Mohamed F. Yassin

(Kuwait Institute for Scientific Research, Kuwait)

ASSISTANT TO EDITOR

Assistant Professor Dr. Thunyapat Sattraburut
Dr. Praewa Wongburi

Dr. Tatiya Siripongpreda

Dr. Shreema Rana

Mr. William Thorn

JOURNAL MANAGER

Isaree Apinya

JOURNAL EDITORIAL OFFICER

Nattakarn Ratchakun
Parynya Chowwiwattanaporn

Editorial Office Address

Research and Academic Service, Research Management Unit,

Faculty of Environment and Resource Studies, Mahidol University

999, Phutthamonthon Sai 4 Road, Salaya, Phutthamonthon, Nakhon Pathom, Thailand, 73170
Phone +662 441 5000 ext. 2108

Website: https://ph02.tci-thaijo.org/index.php/ennrj/index

E-mail: ennrjournal@gmail.com



https://ph02.tci-thaijo.org/index.php/ennrj/index

Environment and Natural Resources Journal (EnNRJ)

Volume 23, Number 5, September - October 2025 ISSN: 2408-2384 (Online)
CONTENT
Heavy Metal Contamination in Taft River Sediments Affected by Bagacay 390

Mine Post-Operation in Hinabangan, Samar, Philippines
Jessie Sabijon, Venecio Ultra Jr, Marcos Bollido, Eduardo Espejon Jr, and Zaldee Nifio
Tan

Strategy of Implementing Incinerator for Port Solid Waste Management: 409
Case Study of Tanjung Luar Fishing Port, Indonesia

Mustaruddin, lin Solihin, Gondo Puspito, Syifa Nurul Aini, Eko Sri Wiyono, and Fis

Purwangka

Groundwater Studies for Sustaining Peatlands against Fire Disasters and 420
Supporting Water Resources
David Andrio, Nur Islami, and Lita Darmayanti

Comparative Study of the Removal Efficiency of Chrysopogon zizanioides 436
(L) and Zea mays (L.) of Copper (Cu) and Lead (Pb): Harnessing
Phytoremediation Potential for Soil Recovery in a Former Dumpsite of El

Salvador City, Misamis Oriental Philippines

Lynnel Boter-Uayan and Gina C. Lacang

Optimization of Breadfruit (Artocarpus altilis) via Succinylation Reaction on 448
the Effect of Time Duration and Temperature
Cut Fatimah Zuhra, Andriayani, and Venny Angelina Siregar

Effect of Climate Variability on Chili Pepper (Capsicum frutescens L.) 459
Cultivation in Indonesia

Bayu Dwi Apri Nugroho, Aristya Ardhitama, Junun Sartohadi, Muamar Qadafi, Bowo

Dwi Siswoko, and Afifatul Husna Al Adilah

Predicting Habitat Suitability for the Endangered Green Peafowl (Pavo 469
muticus L., 1766) in Thailand’s Western Stronghold under Future Climate

Scenarios

Kornkanok Prommakul, Jedsada Noowong, Khwanrutai Charaspet, Bunyatiporn

Kaewdee, Kittiwara Siripattaranukul, Prateep Duengkae, Saksit Simchareon, and

Ronglarp Sukmasuang

Environmental Health Risk and Spatial Distribution of PM2s in The Cement 483

Industry
Anwar Daud, Agus Bintara Birawida, and Muhammad Rachmat




EiNRJ

Environment and Natural Resources Journal

Volume 23
Issue 5
2025

Heavy Metal Contamination in Taft River Sediments Affected by
Bagacay Mine Post-Operation in Hinabangan, Samar, Philippines

Jessie Sabijon®", Venecio Ultra Jr?, Marcos Bollido®, Eduardo Espejon Jrt, and Zaldee Nifio Tan!

!Department of Agriculture and Related Programs, Northwest Samar State University, San Jorge Campus, Philippines
2Department of Sustainable Natural Resources, School of Earth Sciences and Engineering, Botswana International University of

Science and Technology, Palapye, Botswana

3College of Agriculture, Forestry and Environmental Sciences, Western Philippines University, Philippines

ARTICLE INFO

ABSTRACT

Received: 29 Jan 2025

Received in revised: 2 May 2025
Accepted: 6 May 2025

Published online: 23 Jul 2025
DOI: 10.32526/ennrj/23/20250026

Keywords:
Heavy metals/ Sediments/ Taft
River Basin/ Bagacay Mines

* Corresponding author:
E-mail:
jessie.sabijon@nwssu.edu.ph

The purpose of this study was to assess the level of heavy metal contamination
in the sediments of the Taft River Basin in Taft Eastern Samar, Philippines. The
concentrations and levels of heavy metal contamination in sediments were
assessed using the Pollution Load index (PLi), the Contamination Factor (Cfi),
and the Geoaccumulation Index (Igeo). Our findings revealed moderate to high
levels of potentially toxic elements (PTEs) such as Ti, Cr, Mn, Ni, Cu, Zn, As,
Mo, Cd, and Pb. The CF and Igeo values indicated significant pollution, with
Igeo values ranging from class 2 to class 6. The CFi indicated moderate to high
contamination in river bank sediments following the order of
Pb>As>Zn>Mo>Mn>Cu>Ni>Cr>Ti>Cd, and Pb>Cu>Zn>As>Mn>Cr>Ni>Mo>
Ti>Cd in river bottom sediments. The PLi values exceeded the critical threshold
of 1, confirming severe contamination, especially in the upper reaches of the river
near the Bagacay mining site. The contamination showed a consistent presence
of heavy metals, with Pb, As, Zn, and Mo being dominant in river bank
sediments, and Cu, Pb, Zn, and As in river bottom sediments. Downstream
attenuation of PTE levels was observed and is attributed to dilution and
sedimentation processes. Overall, the study confirmed the contamination of these
heavy metals in the sediments and underscored the need for rehabilitating the
Bagacay mine to prevent the buildup of these contaminated sediments in the
basin. It is recommended to expand monitoring to include groundwater and biotic
components to better assess long-term ecological risks. Regular sediment quality
assessments, and multi-stakeholder watershed management are essential for the
sustainable health of the Taft River and its surrounding communities.

1. INTRODUCTION

Concerns over the effects of mining on the
aquatic ecosystem are growing (Gabrielyan et al.,
2018). Aguatic ecosystems like rivers are considered
sinks of contaminants because they are open systems
and are therefore more vulnerable to contamination.
The accumulation of contaminants in rivers impacted
by mining activities is a prevalent issue in many
developing countries (Islam et al., 2014). In the
Philippines, inactive and abandoned mines expose and
disturb heavy metal-laden soils and sediments, posing

significant environmental and health risks (Samaniego
etal., 2024).

A notable example is the Bagacay Mines in
Samar, which was abandoned after years of operation,
leaving behind massive amounts of mining waste
containing extremely high concentrations of heavy
metals. These pollutants have significantly affected
the quality of the Taft River Basin, which receives
drainage from the mining site. The conditions of the
Taft River before the mining operation supported a
relatively intact aquatic environment. However, post-

Citation: SabijonJ, Jr VU, Bollido M, Jr EE, Tan ZN. Heavy metal contamination in Taft River sediments affected by Bagacay Mine post-operation
in Hinabangan, Samar, Philippines. Environ. Nat. Resour. J. 2025;23(5):390-408. (https://doi.org/10.32526/ennrj/23/20250026)
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mining activities, especially the unrehabilitated waste
piles, have contributed to the degradation of the river
ecosystem. The riverbed sediments of the primary
tributaries stretching from the Bagacay mine site to the
Taft River have exhibited levels of heavy metal
contamination exceeding critical limits, such as those
set by the U.S. Environmental Protection Agency
(EPA) and the Canadian Environmental Quality
Guidelines (CEQG) for heavy metals in sediments.
These excessive levels include arsenic (9.79 mg/kg),
lead (50 mg/kg), and cadmium (1.0 mg/kg) (Dayang,
2017).

Heavy metal contamination of sediments has
aroused significant concern due to the toxicity,
persistence, and bioaccumulation of these pollutants
(Yang et al., 2012), as well as the potential risks they
pose to human health and aquatic organisms (da Silva
et al., 2017). Despite this, most river monitoring
practices focus on water quality alone, often
overlooking the role of sediments, which continuously
interact with the river system (Duncan et al., 2018). In
fact, most heavy metals entering the aquatic
environment become incorporated into the sediments
through flocculation and precipitation (Zhou et al.,
2023). Under certain conditions, these heavy metals
can also be released from the sediment and
reintroduced into the water column, making sediments
both sinks and potential secondary sources of
contamination.

The presence of toxic heavy metals in sediments
threatens the health and balance of the aquatic
ecosystem. They can accumulate in microorganisms,
aquatic animals, and plants, potentially entering the
food chain and posing a serious threat to human health
(Feng et al., 2024; Kang et al., 2020). For instance,
crustaceans such as mud crabs and shrimp found in the
Taft River have shown elevated levels of heavy metals
(Cabahug et al., 2023), highlighting the river’s
contamination from mining pollutants. These
organisms, which occupy the lower trophic levels,
absorb heavy metals from polluted water and
sediments, posing a serious risk to local biodiversity
and potentially affecting human populations who rely
on them for food. Furthermore, heavy metal-laden
sediments may be transported by runoff and
precipitation, causing erosion of riverbanks and
deposition of pollutants into nearby coastal areas.
These sediments act as long-term storage for heavy
metals and may affect marine ecosystems and public
health (Sabijon et al., 2024). Once bound to sediments,
heavy metals become persistent and are considered
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among the most hazardous pollutants in aquatic
environments. Contamination of Cu, Hg, Cd, Fe, and
Zn in the sediments of Ambon Bay, located in Maluku
Province, Indonesia, was reported by Manullang et al.
(2017). Similarly, surface sediments of the
Mangonbangon River in Tacloban City have shown
the presence of Fe>Mn>Zn>Cu>Cr>Ni>Co (Decena
et al., 2018). Belyaeva (2012) likewise reported high
concentrations of heavy metals and trace elements
such as As, Cu, Mo, Sb, Co, Ni, and Zn in the surface
waters and sediments of the Voghji River Basin in
Ararat Plain region of Armenia.

Since heavy metal concentrations in sediments
are typically much higher than those in surface water,
it is critical to evaluate sediment quality as a reliable
indicator of pollution (Wang et al., 2014). Unlike
water, metal concentrations in sediments remain
relatively stable over time (Tupan et al., 2014).
However, despite the known environmental risks
posed by the Bagacay Mines, limited information is
available on the contamination of sediments in the Taft
River Basin. Therefore, this study was conducted to
assess the extent of heavy metal contamination in the
sediments of the Taft River Basin, particularly as
affected by post-operational discharges and waste
from the Bagacay Mines.

2. METHODOLOGY
2.1 Study area

The study was done in the Taft River Basin,
located between 11°54'N latitude and 125°25'E
longitude. The region where the site is located
experiences a humid tropical monsoon climate
(Cayanan et al., 2018) with annual rainfall ranging
from 2,500 mm in Northwest Leyte to over 3,000 mm
in Borongan, Eastern Samar, and an average
temperature of approximately 28°C. The study area is
specifically located in the Taft River in Hinabangan,
Samar, Philippines, a region with a documented
history of mining and agricultural activities. A
significant contributor to environmental degradation
in the area was inefficient waste management and the
unprogrammed abandonment of Bagacay Mine, which
was operational from the mid-20" century until its
closure in 1996. The mine was primarily engaged in
the extraction of nickel and copper, and its operations
led to substantial discharge of mine tailings and heavy
metal contaminants into nearby rivers, including the
Taft River (MGB, 2005; Dayang, 2017). These
contaminants, such as nickel, copper, zinc, and
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arsenic, remain in the soil and aquatic systems due to
their persistent and mobile nature.

The geology of the Bagacay area is
predominantly composed of Miocene to Pliocene
volcanic and volcaniclastic rocks, including andesitic
to basaltic flows, pyroclastics, and tuffaceous
sediments, which are part of the Bagacay Formation
(MGB, 2005). The area hosts polymetallic sulfide
mineralization, consisting mainly of copper, lead,
zinc, gold, and silver, associated with hydrothermal
alteration zones such as silicification and argillic
alteration. Mineralization occurs along wvein and
fracture systems, indicating that the deposit is
structurally controlled, and suggests characteristics of
a volcanogenic massive sulfide (VMS) or epithermal-
type deposit. The mining activities in the area have
exposed mineralized zones and left behind tailings
rich in heavy metals, contributing to long-term
environmental impacts (MGB, 2005).

A preliminary survey of the Taft River
floodplain was conducted to identify representative
sampling sites and document ecological conditions.
Field observations revealed signs of environmental
degradation, including discolored water, sediment
plumes, and riverbed alteration, suggesting continued
pollution. Soil samples collected across the floodplain
showed elevated heavy metal concentration (Sabijon
etal., 2024).

The soils in the area which area classified as
Eutrudepts derived from limestone (calcite-rich)
parent material, have undergone extensive degradation
due to decades of cultivation, flooding, and erosion
(Asio et al., 2006). Today, agricultural use is limited,
and vegetation consists mainly of grasses, shrubs, and
isolated crops. In addition to mining, periodic flooding
and soil erosion have contributed to the downstream
transport and deposition of contaminated sediments,
compounding the environmental risks and

underscoring the need for ongoing monitoring and
rehabilitation efforts.

2.2 Sediment sample collection and analysis

Figure 1 and Table 1 show the selected sample
collection points in different barangays along the Taft
River in Eastern Samar. The barangays are a rural
village in Eastern Samar and the smallest
administrative unit in the Philippines, functions
similarly to a village or neighborhood in other
countries. Sediment samples were collected during the
rainy season (27 October to 03 November 2020) to
capture the potential peak influx of heavy metals
associated with surface runoff from the Bagacay
Mining site. Rainfall events significantly enhance the
mobilization and transport of heavy metals from
exposed soils, mine tailings, and disturbed catchments
into the Taft river system. Sampling during this period
provides a more accurate representation of heavy
metal input into sediments. The air-dried sediment
samples were pulverized using a wooden mallet to
prevent contamination from metallic tools, which can
introduce trace metals and affect the accuracy of heavy
metal analysis (US EPA, 1996). The pulverized
samples were then passed through a 2 mm mesh sieve
to remove coarse debris and to isolate the fine fraction,
which is more representative of heavy metal
accumulation due to its higher surface area and
binding capacity (US EPA, 1996). Prepared samples
were subjected to laboratory analyses to evaluate their
heavy metal concentrations. The analysis for heavy
metal concentrations was conducted following the
same procedure (Figure 2) of Ultra (2020) and Sabijon
et al. (2024) at the Soil Sciensce Laboratory of the
Department of Sustainable Natural Resources, School
of Earth Sciences and Engineering, Botswana
International University of Science and Technology,
Palapye, Botswana.

Table 1. Coordinates and relative proximity of the sampling sites from the Bagacay Mines

Sampling Sites Latitude Longitude Distance from Bagacay Mines (km)
San Rafael 11.80861111 125.2952778 5.332

Binaloan 11.85194444 125.3247222 13.172

Malinao 11.873824 125.347566 17.482

San Pablo 11.88027778 125.36 20.112

Mabuhay 11.89777778 125.3688889 22.637

Gayam 11.88531 125.39912 26.629

Pob.6 11.90916667 125.4152778 32.049

Pob. 1 11.90138889 125.4216667 33.131

Polangi 11.88777778 125.4219444 34.917
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2.3 Sediment contamination indices

2.3.1 Geoaccumulation index

The geoaccumulation index was used to
determine the degree of contamination in a sample
(Maller, 1979) whuch was estimated using the
formula:
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lgeo = log, (7557) @
Where; Cn is the metal (n) concentration
measured in the study area’s sediments, Bn is the
background value of the corresponding metal (n), and
factor 1.5 is the background matrix correction for
lithogenic effects (Salomons and Forstner, 1984).

2.3.2. Contamination factor

The contamination factor (CFi), a single metric,
is regarded as a simple and useful instrument for
monitoring heavy metal contamination (Shen et al.,
2019). CFi is calculated using this equation:

_c

CFi .
Bi

)
Where; Ci and Bi are the measured
concentration and background value of metal |,
respectively. CFi is an indicator of heavy metal
contamination in sediments. The background
concentrations of heavy metals (in mg/kg) were
determined from non-contaminated samples collected
within the same area. The values were as follows: Ti
(3697), Cr (43.2), Mn (242), Ni (38), Cu (15), Zn
(55.6), As (8.7), Mo (3.4), Cd (6.6), and Pb (5.5).
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2.3.3 Pollution load index (PLi)

Tomlinson et al. (1980) employed the PLi to
determine the site’s total amount of heavy metals. The
PLi value for a site in the sediments was computed
using the following formula:

PLi=(CF1 xCF2xCF3x...x CFn)I/N (3)

Where; CFi is the ratio of the observed
concentration (Ci) to the number of heavy metals.
PLi>1 indicates contaminated, while PLi<1 indicates
unpolluted. A PLI level value of 0 denotes excellence,
a PLI value of 1 reflects baseline pollution levels, and
a PLI value of =>1 indicates progressive degradation
of sediment quality.

The Kriging interpolation method was applied
in the study using QGIS to create the Pollution Load
Index (PLI) map of heavy metals in river sediments,
owing to its ability to model spatial autocorrelation
and deliver statistically reliable predictions. Kriging is
preferred over simpler methods like IDW because it
not only interpolates values but also quantifies
uncertainty, making it well-suited for environmental
assessments. Its effectiveness in mapping heavy metal
contamination in soils and sediments has been widely
supported in the literature (Zhang et al., 2011; Eze et
al., 2018).

3. RESULTS
3.1 Total concentrations of heavy metals in river
sediments

In Figures 3(a-j) and 4(a-), the Ti
concentrations in most of the collected river sediments
were higher than the permissible concentration
(WHO, 1982). The concentration ranged from 2,869-
6,012 mg/kg in the river bank sediments and 2,914-
6,224 mg/kg in the river bottom sediments. The
highest concentration in river bank sediments was
observed in Barangay (“Brgy”) Poblacion 6 (lower
stream), and in Brgy. Malinao (upper stream) for
bottom sediments.

According to Kabata-Pendias and Pendias
(2001), the overall concentrations of Cr in sediments
were higher than the critical threshold of 75-100
mg/kg, except for the river bank sediments of Brgy.
Polangi (lower stream) and river bottom sediments of
Brgy. Binaloan (upper stream). Cr concentrations in
most river bank sediments and river bottom sediments
ranged from 112.24-624.20 mg/kg and 140-1,768
mg/kg, respectively. These values are 1.4-17.7 times
and 1.1-6.2 times higher than the critical limit. The
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highest Cr concentration in river bank sediments was
found in Brgy. Burak, and in Brgy. Bungdo (both
middle stream) for river bottom sediments.

Also, Mn concentrations of river sediments in
all sites were found to be lower compared to the
critical level of 600 mg/kg (Vodyanitskii, 2016),
except for Brgy. San Pablo (upper stream) which
recorded 720 mg/kg. Generally, all river sediments
were found to have have safe concentrations of Mn.

Additionally, the total Ni concentration in the
river bank sediments of Barangays San Rafael,
Binaloan (upper stream), Gayam (middle stream),
Poblacion 6, Poblacion 1, and Polangi (lower stream)
exceeded the 100 mg/kg threshold level (Kabata-
Pendias and Pendias, 2001). The river bank sediments
around Brgy. Polangi recorded the highest
concentration, which was 98 times greater than the
threshold amount (98,194 mg/kg). For bottom
sediments, only samples from Brgys. Malinao (upper
stream), Gayam and Bungdo (middle stream), and
Polangi (lower stream) had Ni concentrations above
the critical level. The highest Ni concentration was
observed in Brgy. Bungdo (middle stream) at 435
mg/kg, which is four times higher than the critical
limit. Relatively higher total Cu concentrations above
the critical level of 60-125 mg/kg were observed in
most of the river bank sediments, except for samples
from Brgy. Poblacion 1 and Brgy. Polangi (lower
stream), and in all bottom sediments except for Brgy.
Bungdo (middle stream). River bank and bottom
sediment Cu concentrations ranged from 144-1,244
mg/kg and 144-3,116 mg/kg, respectively.

The highest concentration in river bank
sediments was recorded in Brgy. San Rafael (upper
stream) at 1,244 mg/kg, which is ten times higher than
the highest critical threshold. In bottom sediments, the
highest Cu concentration was detected in samples
from Brgy. San Pablo (upper stream) at 3,116 mg/kg.
A higher concentration trend of Cu was observed in
samples from the upper stream, likely due to proximity
to a mining site.

The majority of the river bank and bottom
sediments contained high quantities of Zn. Zn
concentrations were above the minimum critical value
of 70 mg/kg (Kabata-Pendias and Pendias, 2001),
ranging from 196-2,276 mg/kg in river bank sediments
and 167-5,064 mg/kg in river bottom sediments. Brgy.
Poblacion 6 (lower stream) had the greatest Zn
concentrations in both river bank (2,276 mg/kg) and
river bottom sediments (5,064 mg/kg), which are 33
and 72 times higher than the minimum critical level,
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respectively. The same trend was observed for arsenic ~ ranging from 123-6,252 mg/kg. The highest As
(As), which was higher in all river sediments. Values  concentrations were found in both river bank and
for both river bank and bottom sediments were above  bottom sediments of Brgy. Poblacion 6 (lower
the critical level of 1-40 mg/kg (ATSDR, 2007),  stream).
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Figure 3. Total concentrations of (a) Ti, (b) Cr, (c) Mn, (d) Ni, (e) Cu, (f) Zn, (g) As, (h) Mo, (i) Cd, (j) Pb, in river bank sediments
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(cont.)

In the <case of molybdenum (Mo),
concentrations in river sediments were below the
critical level of 253 mg/kg. Similarly, most samples
had Cd concentrations below the critical limit of 3-8
mg/kg. Only river bank sediment samples from Brgy.
San Rafael, Brgy. San Pablo (upper stream), Brgy.
Poblacion 6, Brgy. Poblacion 1, and Brgy. Polangi
(lower stream) were within or above the critical level,
especially in the middle stream. The highest Cd
concentration (16 mg/kg) was found in samples from
Brgy. Poblacion 6 (lower stream).

River bottom sediment samples from Brgy. San
Rafael, Binaloan, Malinao, San Pablo (upper stream),
and Poblacion 6, Poblacion 1 (lower stream) also
showed Cd concentrations above the critical level. All
other samples from different barangays, particularly in
the middle stream, had Cd concentrations below the
critical level. Furthermore, total Pb concentrations in
river bank and bottom sediments were higher than the
critical level of 100-400 mg/kg. Pb concentrations
were highest in the river bank sediments of Brgy. San
Rafael (upper stream) at 250 mg/kg, and in the bottom
sediments of Brgy. Poblacion 6 (lower stream) at
464.00 mg/kg.

3.2 Contamination and pollution of sediments

The results indicated that the total heavy metal
concentrations in riverbank sediments followed a
decreasing order of Ti>Ni>Zn> As>Cu>Cr> Mn
> Mo > Cd > Pb, while in river bottom sediments, the
distribution followed Ti > Zn > Cu > Cr > Mn > Ni >
As > Pb > Mo > Cd. The critical and permissible levels
used as comparison thresholds for each metal were
based on values reported in relevant scientific
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(f) Zn, (9) As, (h) Mo, (i) Cd, (j) Pb, in river bottom sediments

literature. “Critical levels” refer to the concentrations
above which adverse environmental or biological
effects may occur (Kabata-Pendias and Pendias, 2001;
ATSDR, 2007), while “permissible limits” are
typically regulatory standards such as those from
WHO (1982).

In Figures 5(a-j) to 6(a-j), the majority of the
quantifiable heavy metals corresponded to Class 2 to
6 based on the geo-accumulation index (lgeo)
proposed by Miiller (1979), indicating that most of the
river sediments in the Taft River Basin were
moderately to extremely polluted. In riverbank
sediments, all sites were classified as very highly
contaminated (lgeo>5, Class 6) with titanium (Ti),
nickel (Ni), zinc (Zn), arsenic (As), copper (Cu),
chromium (Cr), and manganese (Mn). Molybdenum
(Mo) contamination ranged from moderately to very
highly contaminated (Igeo 2->5, Class 2-6), while
cadmium (Cd) ranged from uncontaminated to highly
contaminated (Igeo 0-5, Class 1-5). Lead (Pb)
contamination was absent (Igeo=0, Class 0) in Brgy.
Binaloan and Brgy. Malinao (both Upper Stream), and
Brgy. Mabuhay and Brgy. Gayam (Middle Stream),
but all other barangays, particularly those in the Lower
Stream areas such as Brgy. Poblacion 6 and Brgy.
Polangi, showed moderate to high Pb contamination.

In the river bottom sediments, all sites were
classified as very highly contaminated (Igeo>5, Class
6) with Ti, Zn, Cu, Cr, Mn, Ni, and As. No Pb, Mo, or
Cd contamination (Igeo=0, Class 0) was observed in
Brgy. Mabuhay, Brgy. Gayam, and Brgy. Bungdo
(Middle Stream). Additionally, no Mo contamination
was recorded in Brgy. Poblacion 1 (Lower Stream),
and no Cd contamination was found in both Brgy.
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Poblacion 1 and Brgy. Polangi (Lower Stream). In
contrast, all other bottom sediment samples showed
moderate to high contamination levels (lgeo 2-4, Class
2-4) for Pb, Mo, and Cd.

When grouped according to stream location, the
Lower Stream barangays (Brgy. Poblacion 6, Brgy.
Poblacion 1, and Brgy. Polangi) were observed to be

@

Igeo of Titanium (Ti) Across Sampling Sites
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the most highly contaminated, showing extreme Igeo
values especially for Zn, Cu, Pb, and As. The Middle
Stream barangays (Brgy. Mabuhay, Brgy. Gayam,
Brgy. Bungdo, and Brgy. Burak) exhibited moderate
contamination, with minimal Pb, Mo, and Cd
contamination in some areas.
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Figure 5. Geo-accumulation of (a) Ti, (b) Cr, (c) Mn, (d) Ni, (e) Cu, (f) Zn, (g) As, (h) Mo, (i) Cd, (j) Pb, in river bank sediments
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Figure 6. Geo-accumulation of (a) Ti, (b) Cr, (c) Mn, (d) Ni, (e) Cu, (f) Zn, (g) As, (h) Mo, (i) Cd, (j) Pb, in river bottom sediments (cont.)

The Pollution Load Index (PLI), used to assess
the degree of heavy metal contamination in sediments,
varied across all the riverbank and river bottom
sediments studied in the Taft River Basin (Figures 7(a)
and 7(b); Figures 8(a) and 8(b)). According to standard
classification, PLI values below 1 (PLI<1) indicate no
pollution; values between 1-1.5 suggest high
contamination with potential for rehabilitation and
safe reuse; and values greater than 1.5 (PLI>1.5)
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indicate that the sediment is unsuitable for crop
production due to heavy contamination. In this study,
all sediment samples recorded PLI values greater than
1, with riverbank sediments ranging from 1.43 to 1.65,
and river bottom sediments from 1.50 to 1.71. These
values reflect a general trend of gradual degradation of
sediment quality and confirm that the Taft River Basin
is heavily contaminated with heavy metals.
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Figure 7. Contamination and Pollution of heavy metals in river bank sediments (a) and river bottom sediments (b)

4. DISCUSSION
4.1 Heavy metal concentrations in river sediments
Heavy metals are present in the sediments of
river systems due to their capacity to act as carriers,
sources, and sinks of pollutants (Zhu et al., 2018).
Because river sediments serve as effective
environmental indicators for monitoring pollution
levels in aquatic ecosystems (Sun et al., 2018), this
study assessed the concentrations of Ti, Cr, Cu, Zn,
Mn, Ni, As, Mo, Cd, and Pb in the Taft River Basin,
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particularly in areas influenced by the post-operational
impacts of the Bagacay mining site. The results
showed that most heavy metal concentrations in both
riverbank and river bottom sediments exceeded their
respective critical or permissible limits, with the
exception of Mn, Mo, and Cd (Figures 3 and 4). These
concentrations were found to vary across different
locations, reflecting the evident spatial distribution of
heavy metals at the surface of the sediments.
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The varying concentrations of heavy metals in
sediments are likely influenced by several dynamic
processes within the river system. This is consistent
with the findings of Weber and Opp (2020), who
highlighted that the distribution of heavy metals in
rivers and floodplains is affected by numerous
environmental and anthropogenic factors. One of
these processes is flooding, which contributes
significantly to the transfer and redistribution of waste
materials from upper to lower stream sections, thereby
increasing the concentration of contaminants
downstream (Sabijon et al., 2024). In this study,
elevated levels of Ti, Cr, Cu, Zn, Ni, As, and Pb were
observed across all sampled sediments within the Taft
River Basin.

Supporting these observations, Dayang (2017)
also reported excessive levels of heavy metal
contamination including As, Cu, Pb, Hg, Zn, and Fe in
both water and sediment samples from the Bagacay
mine downstream to the Taft River. Similarly, Sabijon
et al. (2024) documented that heavy metal
concentrations in the surface soils of the Taft River
floodplain followed a decreasing trend of Ti > Cr > Mn
> Zn > Cu > Ni > As > Pb > Mo > Cd, which further
confirms the sediment data presented in this study.
Other regional and international studies provide similar
evidence: Manullang et al. (2017) identified Fe, Cu, Zn,
Pb, Cd, and Hg contamination in the surface sediments
of Ambon Bay; Decena et al. (2018) observed Fe, Mn,
Zn, Cu, Cr, and Ni in the Mangonbangon River; and
Gabrielyan et al. (2018) reported high concentrations of
As, Cu, Mo, Sb, Co, Ni, and Zn in the Voghji River
Basin. Likewise, the Fenhe River sediments have
shown variable heavy metal concentrations, including
cadmium (0.040-0.296 mg/kg), lead (20.30-39.60
ma/kg), chromium (50.00-177.70 mg/kg), nickel
(20.70-49.60 mg/kg), mercury (0.053-0.101 mg/kg),
arsenic  (5.76-10.10 mg/kg), copper (16.90-56.80
mg/kg), and zinc (72.30-233.60 mg/kg), further
substantiating the widespread occurrence and
environmental relevance of heavy metal pollution in
riverine sediments (Chen et al., 2020).

4.2 Contamination and pollution of heavy metals in
river sediments

The contamination of river sediments by heavy
metals has garnered increasing attention in the context
of water quality and ecological research (Edokpayi et
al., 2022). In this study, moderate to high contamination
of Ti, Cr, Mn, Ni, Cu, Zn, As, Mo, Cd, and Pb in the
sediments of the Taft River basin was observed
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(Salomons and Forstner, 1984). These levels
significantly exceeded the critical limits for heavy
metals (Figures 3 and 4) across all sampling sites. River
bank sediments exhibited high contamination levels for
Pb, As, Zn, Mo, Mn, and Cu, while moderate
contamination was found for Ni, Cr, Ti, and Cd (Figures
5-8). In river bottom sediments, the contamination
followed a similar trend, with high contamination of
Cu, Pb, Zn, As, Mn, Cr, and Ni, while Mo, Ti, and Cd
showed moderate contamination (Figures 5-8). The
contamination sequence for river bank and bottom
sediments was as follows: Pb > As > Zn > Mo > Mn >
Cu>Ni>Cr>Ti>Cd,and Cu>Pb>2Zn>As>Mn
> Cr > Ni > Mo > Ti > Cd, respectively.

The calculated pollution load index (PLI)
values (Figures 7(a) and 7(b); Figures 8(a) and 8(b))
suggested a progressive deterioration of river
sediments, with PLI>1 indicating moderate to severe
contamination (Shen et al., 2019). These results
confirmed that all the sediments in the riverbanks and
bottoms of the Taft River Basin are polluted with
heavy metals. Notably, higher pollution levels were
observed in the upper (1.55, 1.67) and lower (1.53,
1.60) stream sites, with the highest pollution observed
in the river bottom sediments at Poblacion 6 (lower
stream), reaching a PLI of 1.71. The highest pollution
values were predominantly observed in the upper
stream, which is geographically closer to the Bagacay
mining site, corroborating findings by Sabijon et al.
(2024). The greater contamination observed in the
upper stream may be attributed to the proximity of the
Bagacay Mines, with contaminants being carried
downstream by hydrological processes. The observed
reduction in heavy metal levels downstream could be
explained by the dilution effect of unpolluted water
inflow as contaminants spread over greater distances
(Luo et al., 2020).

Heavy metals are known to be poorly soluble in
water (Zahra et al., 2014), with a significant portion
being adsorbed onto particulates that eventually
accumulate as bottom sediments (Zheng et al., 2008).
This explains why heavy metal contamination is
especially evident in the bottom sediments, as these
sediments have a remarkable ability to accumulate low
levels of contaminants over time (Islam et al., 2018).
Additionally, disturbed sediments are more likely to
be transported along hydrological gradients, spreading
contamination to a wider area (Zhang et al., 2019).

Another important consideration for the
potential influence to the increase in heavy metal
contamination is the study areas natural geology. The
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Taft River Basin is known to have certain mineral-rich
geological formations, such as titanium-bearing rocks,
which could naturally result in higher concentrations
of elements like Ti, even without anthropogenic
contamination. Heavy metals such as Ti, a common
component of rocks and sediments, are naturally
occurring and may not necessarily indicate pollution
(Zhu et al., 2018).

Beyond the Bagacay Mines, potential sources of
contamination could include agricultural runoff,
industrial discharges, or other local anthropogenic
activities in the region. Such sources may have
contributed to the elevated levels of heavy metals in
the river sediments, particularly in areas where
industrial and agricultural practices are prevalent.
Several other studies have also highlighted the
contamination of sediments in river systems,
confirming similar findings. For example, Sabijon et
al. (2024) observed moderate to high contamination in
Cu, Cr, Pb, As, Zn, Ni, Ti, Mo, and Cd in the
sediments of the Taft River Basin. Similarly, Basir et
al. (2022) reported heavy metal contamination (Hg <
Zn < Pb < As) in the Mahakam river sediments of
Indonesia, and Arifin et al. (2015) found that artisanal
and small-scale gold mining (ASGM) activities in
Indonesia’s Bone River and Wubudu River
contaminated these rivers with mercury, arsenic, and
lead. Furthermore, research from China’s Daniangkou
Reservoir indicated high ecological risks due to

surface sediment contamination with Cd and Cr (Lei
et al., 2013). Other studies from large Chinese
reservoirs, such as the Three Gorges Reservoir and the
Liujiaxia and Xiaolangdi Reservoirs on the Yellow
River, have reported heavy metal buildup and
contamination in sediment profiles, including metals
like Pb, Cd, Zn, and Cr (Zhao et al., 2015).

The evidence from this study revealed that the
Taft River Basin is affected by heavy metal
contamination, though a more comprehensive
understanding of natural geological conditions and
additional local pollution sources is necessary for a
thorough assessment of the river’s overall ecological
health.

The comparative analysis in Table 2
underscores the global prevalence of heavy metal
contamination in riverine sediments, positioning the
Taft River within a broader environmental context of
pollution linked to anthropogenic activities. Notably,
the Taft River’s contamination profile marked by the
presence of ten potentially toxic elements (PTES)
reflects a complex and multifaceted pollution
scenario. This mirrors patterns observed in similarly
impacted rivers such as the Voghji River in Armenia
and the Fenhe River in China, where intensive mining
and industrial operations have been identified as
primary contributors to elevated heavy metal
concentrations.

Table 2. Comparison of potentially toxic elements in sediments from Taft River and other rivers

River/Location Country PTEs detected Contamination level Source/Notes

Taft River Philippines  Ti, Cr, Mn, Ni, Cu, Moderate to High Highest in upper and lower
(Present Study) Zn, As, Mo, Cd, Pb (PLI >1) stream; linked to Bagacay Mines
Taft River Philippines Cu, Cr, Pb, As, Zn, Moderate to High Confirms multi-metal

(Sabijon et al., 2024) Ni, Ti, Mo, Cd contamination in the same basin
Mangonbangon River Philippines Pb, Cd, Cr, Zn Moderate to High Possible sources include domestic
(Decena et al., 2018) and urban runoff

Bone and Wubudu Rivers  Indonesia Hg, As, Pb High Contamination from ASGM
(Arifin et al., 2015) activities

Mahakam River Indonesia Hg, Zn, Pb, As Moderate to High Prioritization sequence: Hg < Zn
(Basir et al., 2022) <Pb<As

Daniangkou Reservoir China Cd, Cr High High ecological risk due to

(Lei etal., 2013) sediment contamination

Three Gorges Reservoir China Pb, Cd, Zn, Cr Moderate to High Heavy metal buildup observed in
(Zhao et al., 2015) sediment profiles

Liujiaxia and Xiaolangdi China Pb, Cd, Zn, Cr Moderate to High Found along Yellow River;
Reservoirs evidence of sediment pollution
(Zhao et al., 2015)

Fenhe River China Cu, Pb, Zn, Cd, Cr High Related to industrial wastewater
(Chen et al., 2020) and coal mining

Voghji River Basin Armenia As, Cd, Cr, Cu, Ni, High Contamination linked to mining

(Gabrielyan et al., 2018) Pb, Zn

in the Zangezur Copper Mine
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Among Philippine rivers, the Taft River
demonstrates broader contamination than the
Mangonbangon River, which shows fewer PTEs but
still registers high levels of Pb, Cd, Cr, and Zn. This
could be attributed to the stronger industrial influence
and proximity to the Bagacay mining site in the Taft
River area. On the other hand, urban runoff appears to
be the primary contamination source in the
Mangonbangon River, indicative of different
anthropogenic pressures.

Compared to international sites, the Taft River’s

PLI (Figures 7(a) to 8(b)) values suggest similar or
slightly lower contamination severity than those of the
Bone and Wubudu Rivers in Indonesia and the Voghiji
River in Armenia. These rivers are heavily affected by
mining operations (ASGM and large-scale copper
mining, respectively), which are known for
introducing persistent and toxic metals into aquatic
ecosystems.

Chinese rivers and reservoirs, such as the Three
Gorges, Daniangkou, and Fenhe Rivers, also exhibit
similar heavy metal profiles, although the Fenhe River
shows extreme contamination due to both industrial
effluents and coal mining. These comparisons
underscore the critical role that mining and industrial
activities play in shaping sediment contamination
profiles and offer insight into how Philippine rivers
like the Taft could follow similar contamination
trajectories  without appropriate environmental
controls.

Overall, this comparison underscores the urgent
need for national strategies in river monitoring, mining
waste management, and pollution remediation. The
Taft River’s contamination profile, while alarming, is
not unique but rather it is part of a global trend that
demands integrated and science-based responses.

5. CONCLUSION

This study reveals that sediments in the Taft
River Basin are moderately to highly contaminate with
potentially toxic elements (PTEs), including Ti, Cr,
Mn, Ni, Cu, Zn, As, Mo, Cd, and Pb. The
contamination factors (CF) and geo-accumulation
index (Igeo) values indicate significant pollution, with
Igeo values ranging from class 2 to class 6. The
contamination order: Pb>As>Zn>Mo>Mn>Cu>Ni>
Cr>Ti>Cd in riverbank sediments and Cu>Pb>Zn>As
>Mn>Cr>Ni>Mo>Ti>Cd in bottom sediments
highlights a consistent presence of heavy metal inputs.

Pollution Load Index (PLI) values across all
sites exceeded the critical threshold (PLI>1),
confirming a deteriorated sediment quality. The
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highest contamination levels were found near the
upper reaches of the river, particularly at sites closest
to the Bagacay mining area, underscoring mining as a
primary contributor. Downstream attenuation of PTE
concentrations appears influenced by dilution and
sedimentation dynamics.

Recommendations include the urgent need to
rehabilitate the Bagacay mine site through acid mine
drainage treatment, waste containment, and
reforestation. Broader monitoring should also be
implemented, encompassing groundwater and biotic
components, to evaluate long-term ecological risks.
Regular sediment quality assessments and the
application of mining best practices must be
institutionalized to mitigate further pollution. Finally,
multi-stakeholder watershed management is critical to
ensure the sustainable health of the Taft River and its
surrounding communities.
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The study aimed to (a) analyze fisheries’ activities and the suitability of incinerators for
port solid waste management, (b) formulate priority strategies for implementing
incinerator technology in Tanjung Luar Fishing Port. The methods used were descriptive
analysis, score methods, and Analytic Hierarchy Process (AHP) methods. The developing
fishery activities analyzed in Tanjung Luar were fishing boat activities, fish marketing,
port industries and fish processing, sea supply kiosk, provision of sea fuels, provision of
ice for fish, food stalls, and other fishery services. The suitability of incinerators for port
solid waste management was relatively high, which was indicated by the fulfillment of
‘good compliance’ criteria (3.20 on a scale of 1-4) and ‘very good beyond compliance’
criteria (3.52 on a scale of 1-4). Developing an environmental control system in
incinerator operations (CONT) was priority strategy | of implementing incineration into
solid waste management in fishing ports (IR=0.245, inconsistency 0.05). The supporting
strategy was the recruitment of skilled incinerator managers from the community
(MANG) (IR=0.232, inconsistency 0.05). The implementation of incinerators is believed
to be able to save the management cost of port solid waste reaching 26,584.62 USD per
year, prevent waste hazards to fish caught, fisheries actors, visitors, and the community
around the port (9,768 people), and improve the performance of fishery activities in the
port (8 activities). In the future, it is hoped that research will be conducted on the
development of energy sources for fishing ports that utilize combustion heat in
incinerators.

HIGHLIGHTS

This study highlights fishery activities in a fishing port and the potential for solid waste produced. Furthermore, it analyses the
suitability of incinerators if applied to manage the port’s solid waste. Finally, it formulates a priority strategy for implementing

incinerator technology after it is declared suitable for the Fishing Port.

1. INTRODUCTION

Fishing ports are the centre of fisheries
activities in many regions in Indonesia. This is
because fishing ports are a place for unloading fish
caught by fishing boats, a place where fish processing
industries obtain raw fish, a place where fish
marketing activities are carried out, and a place where
supporting fisheries businesses develop. One of the
fishing ports that plays this role is the Tanjung Luar
Fishing Port (FP), East Lombok Regency. According
to the Department of Marine Affairs and Fisheries
(DMAF) of East Lombok Regency (2024), the

Tanjung Luar FP was the main centre of fisheries
activities in West Nusa Tenggara (WNT) Province,
where fish production reached 4,382 tons/year or
58.66% of the total marine fish production in 2023 in
East Lombok Regency. Meanwhile, East Lombok
Regency mainly contributed to WNT’s fisheries and
marine products (Mustaruddin et al., 2022a; Firdaus et
al., 2020).

However, these fishery activities also had a
negative impact on the environment of the fishing
port, namely producing various solid, liquid and gas
waste. Solid waste was the type of waste that most

Citation: Mustaruddin, Solihin I, Puspito G, Aini SN, Wiyono ES, Purwangka F. Strategy of implementing incinerator for port solid waste
management: Case study of Tanjung Luar Fishing Port, Indonesia. Environ. Nat. Resour. J. 2025;23(5):409-419.
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produced by fishery activities at Tanjung Luar FP.
According to the Department of Environment and
Sanitation (DES) of East Lombok Regency (2024),
almost all fishery activities at the Tanjung Luar FP
produced solid waste. The activities of fishing vessels,
fish marketing, and sea supply kiosks were the main
contributors of solid waste, especially from net scraps,
used containers and plastics, leftover supplies, fallen
fish, and fish pieces (Shofa and Hadi, 2017; Subhan,
2018; Liu et al., 2022). Solid waste at the Tanjung
Luar FP also comes from community activities around
the port. Meanwhile, liquid and gas waste generally
come from fisheries processing and transportation
activities, but the amount is not as much as solid waste.
The volume of daily solid waste at the Tanjung Luar
FP tends to increase, and its condition is concerning
because it has spread to the port ponds. In 2022, a
cleaning activity for the port and coastal area involved
fisheries stakeholders, village trustee army, and the
community. In 2023, DES of East Lombok Regency
carried out a marathon garbage sweeping activity in
the coastal and port areas (DMAF of East Lombok
Regency, 2024). However, these activities were
limited to collecting and sorting waste, but no waste
processing system in place. As a result, the solid
waste/garbage that had been collected spread again
and polluted the fishing port area.

One effort that can be made in aim to solve the
solid waste problem is to apply incinerator technology.
An incinerator is a solid waste processing technology
that is operated at high temperatures. This temperature
is produced by developing a closed combustion
technique, where heat is optimised for burning and
nothing is released into the environment (Ji et al.,
2022; Yang et al., 2019). This incineration technique
is considered suitable for solid waste from fishing
ports, which are usually wet, contain lots of used
sacks, pieces of containers, fish scraps/pieces, net
scraps, fibres, and plastic packaging (Liu et al., 2022;
Hendrawan, 2022). The organic and inorganic
components in the waste are mixed, wet, with various
sizes that are difficult to separate. This will complicate
the application of other technologies, such as
composting and bio-digesters. These two technologies
only process organic waste from fish scraps and food
waste, while used sacks, net scraps, fibre and plastic
packaging cannot be processed (Subhan, 2018;
Ozkaynak and lIcemer, 2024; Vaio et al., 2019).
Incinerator technology can process all types of solid
waste. However, in order to be widely operated, waste
processing technology must meet the proper criteria
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stated in Ministry of Environment and Forestry (MEF)
of Indonesia (2021) and be well received by local
fisheries stakeholders (McClanahan et al., 2024,
Caramuta et al., 2021).

The study helps to ensure this, thus facilitating
the implementation of incinerator technology in the
Tanjung Luar FP area. The study aimed to (a) analyse
fishery activities and the suitability of incinerators for
solid waste management at the fishing port, and (b)
formulate priority strategies of implementing
incinerator technology for solid waste management in
fishing ports.

2. METHODOLOGY
2.1 Study location

The location of the study was the Tanjung Luar
FP Area, East Lombok Regency, WNT Province,
Indonesia (Figure 1). The study was conducted in
June-August 2024.

2.2 Data collection

The data collected consisted of fisheries activity
data, dominant fish landed data, solid waste data,
incinerator suitability data for solid waste
management, and views regarding the application of
incinerators for port solid waste management.
Statistics  collection methods included field
exploration, questionnaire distribution, training, and
focus group discussions (FGD). Field exploration was
intended to collect information on fisheries activities
and dominant fish landed at the Tanjung Luar FP. The
distribution of questionnaires was designed to collect
information on solid waste and the suitability of
incinerators for their management. Training and FGD
were intended to raise awareness of waste
management while obtaining information/views
regarding the application of incinerator technology for
port solid waste management. Training and FGD were
carried out by combining the concepts of the
classroom and field method. This combination of
methods was used to optimise the impact of awareness
and the depth of information obtained from FGD
participants.

Questionnaire respondents and FGD participants
were selected purposively from fisheries stakeholders
who are active in the Tanjung Luar FP Area. The
selection criteria were active fisheries actors who have
been active in the Tanjung Luar FP Area for at least two
years. Specifically for questionnaire respondents, added
with minimum education criteria of junior high school
graduates (Ozkaynak and Icemer, 2024; Kamargo et al.,
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2018). The questionnaire respondents amounted to
15 people consisting of 4 fishermen, 3 fish industry/
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Figure 1. Map of the study area

2.3 Data analysis

Data analysis used descriptive analysis, score
methods, and analytical hierarchy process (AHP)
methods. Descriptive analysis was used to describe
fisheries activities in the Tanjung Luar FP Area and
the potential solid waste they generate. Score methods
were used to evaluate the suitability of incinerators
with proper criteria for port solid waste management.
According to MEF of Indonesia (2021), there were
two proper criteria, namely compliance criteria and
beyond compliance criteria. Aspects assessed in the
compliance criteria include water pollution control, air
pollution control, toxic and hazardous waste
management, and control of potential land damage.
Beyond compliance criteria include energy efficiency
efforts, implementation of reduce, reuse and recycle
(R3), protection of biodiversity, and community
development programs.

The AHP method was used to formulate priority
strategies for the application of incinerator technology
in the management of fishery port solid waste.
According to Mustaruddin et al. (2011) and Caramuta
et al. (2021), the AHP method is divided into four
analysis hierarchies, namely goals, criteria, sub-
criteria (optional), and alternative strategies. In this

116°31'0"E
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study, the goal was the strategy of implementing
incinerator technology for solid waste management in
fishing ports. The criteria used were compliance
criteria and beyond compliance criteria. Sub-criteria
were not developed because the substance of both
criteria was complete and accommodated applicable
regulations (MEF of Indonesia, 2021). Alternative
strategies were further determined from the results of
FGD and questionnaire distribution. Analysis of each
hierarchy used a paired comparison test (Saaty, 1993).
Furthermore, the results of the AHP analysis were
tested for inconsistency and sensitivity. The results of
the AHP analysis could be trusted if they have an
inconsistency <0.1 and are not too sensitive
(Mustaruddin et al., 2011).

3. RESULTS AND DISCUSSION
3.1 Fishery activities and solid waste potential at
the Tanjung Luar Fishing Port

Fishery activities at the Tanjung Luar FP
generally supported the production of fish docking at
the port. These activities consisted of fishing boat
activities, fish marketing, port industry and fish
processing, provision of supplies for going to sea at
supply kiosks, provision of fuel for going to sea,
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provision of ice for fish, food stalls, and other fishery
services. The dominant fish landed were squid,
yellowtail, sardinella, pinkear emperor, selar, cob,
mackerel tuna, and bullet tuna (Table 1). This fishing
was generally carried out by small fishermen who
operate outboard motorboats (DMAF of East Lombok

Table 1. The dominant fish landed at Tanjung Luar Fishing Port

Regency 2024). This type of boat is widely chosen
because of more flexible in its operation. Larger boats
are rare and are used for fishing in more distant waters,
such as the waters of Sumbawa Island and the waters
of East Nusa Tenggara.

No  Fish species Semester 1in  Semester 2in  Total (kg) Potential waste of fishing
2023 (kg) 2023 (kg)
1 Squid (Loligo chinensis) 24,742 357,966 382,708 squid pieces (tentacles), fishing line
pieces
Yellowtail (Paracaesio kusakarii) 164,943 5,230 170,173 bait scraps, fishing line pieces
Sardinella (Sardinella albella) 14,616 219,675 234,291 fallen fish, net scraps
Pinkear emperor (Lethrinus 312,809 39,646 352,455 fallen fish, net scraps, fishing line
amboinensis) pieces
Selar (Selar crumenophthalmus) 5,315 161,865 167,180 fish pieces, net scraps
Cob (Auxis thazard) 14,074 164,994 179,068 fish pieces, scales and guts, net
scraps, fishing line pieces
7 Mackerel tuna (Euthynnus affinis) 36,508 200,810 237,318 fish pieces, scales and guts, net scraps
8 Bullet tuna (Auxis rochei) 68,777 374,802 443,579 fish pieces, scales and guts, net scraps

Source: data processed from DMAF of East Lombok Regency (2024)

In semester 1 (January-June), the fish that were
caught the most were yellowtail (Paracaesio
kusakarii) and pinkear emperor (Lethrinus
amboinensis). This is thought to be because in
semester 1, the frequency of rain is higher (rainy
season), so that the salinity of sea water is lower and
many nutrient components from land enter the waters.
Yellowtail and pinkear emperor are types of reef fish
that like low salinity and inhabit sandy areas with lots
of coral (Kamargo et al., 2018; Wahyudin et al., 2019).
Nutrients carried by floods from land will settle at the
bottom of the waters and accelerate the increase in the
population of both types of fish. In semester 2 (July-
December), squid production increased drastically,
allegedly due to longer sunlight (dry season) in those
months. Mustaruddin et al. (2022a) and Rosalina et al.
(2011) argued that squid prefer shallow waters with
dim lighting. In these conditions, squid will grow large
and reproduce rapidly. This encourages increased fish
production and increased fishing activities in the
Tajung Luar FP, while increasing the amount of waste
produced.

The solid waste generated by fishing activities
was very diverse, including net scraps, fallen fish, used
cardboard, used plastic, fish container waste, used
sacks, used styrofoam, pieces of rope, and food waste
(Table 2). The diversity of the waste was influenced
by the scope of the business and the type of demand
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received by fishery business actors/stakeholders in the
Tanjung Luar FP area. The results of distributing
questionnaires and FGDs stated that the potential for
solid waste tends to increase from year to year due to
the increase in fish landing services and variations in
needs in fishing, fish processing, and fish marketing.
The waste was generally wet because it came from
handling fresh fish, cooling fish, providing ice, and
handling processed fish, especially salted fish. Fresh
fish and salted fish are the main products produced in
the Tanjung Luar FP area (Mustaruddin et al., 2022a;
Firdaus et al., 2020).

Currently, solid waste at Tanjung Luar FP
(Table 2) has not been handled optimally. The local
authorities only handled around 37% of the waste, by
taking it to the waste disposal site. The rest was just
piled up, then scattered again until it enters the port
pool. This continued to happen until it became news in
many mass media (Subhan, 2018; DES of East
Lombok Regency, 2024). Cleaning efforts were
carried out, for example through cleaning activities for
the port and coastal areas in 2022, and marathon
sweeping of coastal and port waste in 2024 (DMAF of
East Lombok Regency, 2024). However, these
activities were not carried out routinely, so that solid
waste to the port continued to spread and pollute the
environment.
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Table 2. Fishery activities and solid waste potential at Tanjung Luar Fishing Port

No Fishery activities Products/services

Potential solid waste

1 Fishing boat fish caught

2 Fish marketing fish caught

3 Port industry and fish loading and unloading
processing fish, processed fish

4 Sea supply kiosk fishing supplies

5 Provision of fuel fishing fuel

6 Provision of ice for fish Ice for fishing

7 Food stalls ready to eat food

8 Fishery services fish handling and

transportation

net scraps, fishing line pieces, used cardboard supplies, used
plastic, fallen fish, pieces of fish, fish guts

fish tank waste, fallen fish, fish guts, pieces of rope

waste from fish landing, fish handling, fish containers, spice
containers, fish pieces, fish scales and guts, leftover burning
wood

used cardboard, wooden crates, used sacks, leftover packages
used jerry cans, pipe pieces and used hoses

leftover ice containers, used styrofoams

used cardboard, used plastic, leaves, leftover food, leftover
packages

used cardboard, used spare parts, pieces of rigging

3.2 Suitability of incinerators for port solid waste
management

An incinerator is a waste processing technology
developed to overcome the problem of solid waste in
the field, especially if the waste is wet and has various
sources. The incinerator proposed in this study is a
closed combustion type whose combustion heat can be
increased to 800-1,200°C. The incinerator components
were initiated to be installed vertically. The goal is that
it can be operated in fishing ports with narrow land and
can be moved. The vertical installation is intended so
that the incinerator does not take up much space for
fisheries activities in the port. This is because the
activity zone is already full at Tanjung Luar FP. The
incinerator that was initiated has a capacity of 15-20
tons/day. This capacity is more than enough to handle

1=bad, 2=moderate, 3=good, 4=very good

solid waste from the fishing port and its surroundings
which reaches 12-15 tons/day. However, the
development of incinerators in fishing ports must meet
the proper criteria required in MEF of Indonesia
(2021). It is important so that the incinerator can be
operated properly on site, its utilization level is
optimal, and it is safe for the environment (Cheng et
al., 2020; Thanassekos and Scheld, 2020; Hendrawan,
2022).

Figure 2 presents the distribution of incinerator
suitability values for solid waste management in the
Tanjung Luar FP area, and Figure 3 presents the level
of fulfillment of the required compliance criteria and
beyond compliance criteria. The values is scaled from
1to 4, where values 1, 2, 3, and 4 mean bad, moderate,
good, and very good respectively.

—— Water pollution control

—=— Air pollution control
Management of toxic and hazardous waste
Controlling potential land damage

—— Compliance criteria

—e— Energy efficiency efforts

—— Implementation of reduce, reuse and recycle

—— Biodiversity protection

—— Community development programs

—— Beyond compliance criteria

Figure 2. Distribution of incinerator suitability values for solid waste management in the Tanjung Luar Fishing Port Area.

Based on Figure 2, solid waste management
with incinerators had received quite diverse responses
from fisheries stakeholders, but no one gave a bad
score. This shows that there was no social rejection of
incinerators (Ji et al., 2022; Osmundsen, 2023). The

incinerator technology also met the compliance
criteria good (3.20 on a scale of 1-4) and the beyond
compliance criteria very good (3.52 on a scale of 1-4)
for application in fishing ports (Figure 3). This shows
that incinerators could be widely applied for solid

413



Mustaruddin et al. / Environment and Natural Resources Journal 2025; 23(5): 409-419

waste management in the Tanjung Luar FP area. In the
compliance criteria, the aspect that was met very good
was water pollution control (3.53 on a scale of 1-4). In
the beyond compliance criteria, the aspects that were
met very good were energy efficiency efforts,
implementation of reduce, reuse, and recycle (R3), and
community development programs with values of
3.60; 3.53; and 3.67 on a scale of 1-4, respectively.
The only aspect with a relatively low value was

controlling potential land damage (2.87 on a scale of
1-4). In the implementation of R3, the reduction aspect
could be optimised because the incinerator could
reduce the volume of solid waste by up to 70% (Ji et
al., 2022; Hendrawan, 2022). Ash from the burning of
used cardboard, fallen fish, leftover food, used
wooden crates, and fish pieces can be used as fertiliser
(recycle) in greening at Tanjung Luar FP and its
surroundings.

4.50 .
m Water pollution control
4.00 A . .
3.60 353 3.67 352 Air pollution control
4 DR, 3.27 i
3.50 3.201 . = Management of toxic and hazardous waste
2.87 AR
3.00 1 o Controlling potential land damage
P
g 2.50 1 oo m Compliance criteria
) N
> 2.00 oo 1 Energy efficiency efforts
P
1.50 A o 0 Implementation of reduce, reuse and recycle
P
1.00 A RS O Biodiversity protection
P
0.50 1 o 5 Community development programs
P
0.00 o © Beyond compliance criteria

Aspects and criteria

Figure 3. Compliance of incinerator technology with respect to compliance and beyond compliance criteria for application in fishing

ports.

The highest value in the community
development aspect was thought to be because the
incinerator opens great opportunities for the
involvement of fishermen, port industry and fish
processing players, fish traders, and supporting service
actors at the port, especially in sorting solid waste and
operating the incinerator. Fisheries stakeholders can
bring their waste/garbage, although not too dry,
because the incinerator is designed to operate with
high combustion heat (Yang et al., 2019; Ji et al,,
2022). The operation of the incinerator is also
relatively easy and is closed combustion, so the risk of
accidents can be minimised (Shofa and Hadi, 2017;
Cheng et al., 2020). The value in the aspect of
controlling potential land damage (Figure 3) was not
high but was quite good. This was because the
application of the incinerator was only focused on the
port area (not on a large area). However, fishery
activities at the Tanjung Luar FP were very complex
(Table 2) and occur every day (DMAF of East
Lombok Regency, 2024), so the volume of waste
remained high. Fishery activities at the Tanjung Luar
FP were always busy because it was the main
destination for fish landings from boats operating in
the Alas Strait waters and many other waters in
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WPPRI-573 (Firdaus et al., 2020; Mustaruddin et al.,
2022a).

3.3 Strategy of implementing incinerator
technology for port solid waste management

The success of implementing incinerator
technology in the Tanjung Luar FP Area was greatly
influenced by the strategy chosen. Therefore, the
alternative strategies offered in the study come from
the aspirations and interests of fisheries stakeholders
in the location. These alternative strategies were: (a)
Recruitment of skilled incinerator managers from the
community (MANG), (b) Development of appropriate
incinerators collectively (COLL), (¢) Cooperation in
incinerator development with private companies
(COOP), (d) Development of environmental control
systems in incinerator operations (CONT), and (e)
Development of tariff systems in incinerator
operations (TARF). In addition, the continuity of the
strategy application also depended on the level of
fulfilment of the strategy against applicable
standards/criteria that underlie its positive assessment
(Caramuta et al., 2021; Mustaruddin et al., 2022a). In
this study, the criteria referred to the applicable
regulations on proper (MEF of Indonesia, 2021). The
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hierarchical tree for determining priority strategies is
presented in Figure 4. Furthermore, the results of the
analysis related to the urgency of the criteria and the

achievements of each alternative strategy in meeting
these criteria are presented in Table 3.

Strategy of implementing incinerator technology for
solid waste management in fishing ports

Criteria ‘ Compliance

‘ Beyond compliance ‘

Alternative
strategies

‘MANGHCOLLHCOOPHCONTHTARF‘

Figure 4. Hierarchy tree for determining the priority of strategy of implementing incinerator technology for solid waste management in

fishing ports

Table 3. Results of the analysis of the urgency of proper criteria and the achievement of each alternative strategy in meeting these criteria

Proper criteria Alternative strategy IR Achievements Inconsistency
Compliance (IR: 0.333) MANG 0.249 0.098

Compliance (IR: 0.333) COLL 0.181 0.071

Compliance (IR: 0.333) COOP 0.197 0.078 0.06
Compliance (IR: 0.333) CONT 0.124 0.049

Compliance (IR: 0.333) TARF 0.249 0.098

Beyond compliance (IR: 0.667) MANG 0.222 0.134

Beyond compliance (IR: 0.667) COLL 0.143 0.087

Beyond compliance (IR: 0.667) COOP 0.191 0.116 0.04
Beyond compliance (IR: 0.667) CONT 0.323 0.196

Beyond compliance (IR: 0.667) TARF 0.122 0.074

Based on Table 3, the beyond compliance
criteria were the most urgent proper criteria
(IR=0.667) to be fulfilled in the implementation of
incinerator technology in the Tanjung Luar FP Area.
It was thought to be because the beyond compliance
criteria were more accommodating to the dynamics
and needs of the field, for example, related to energy
efficiency and the existence of community
development programs. According to Ewell et al.
(2020) and Ross et al. (2024), the beyond compliance
criteria pay attention to the best environmental
management practices in the community and the
dynamics of global environmental issues. The results
of the analysis were also in line with the level of
fulfilment of the incinerator in Figure 3, which
prioritised the beyond compliance criteria. However,
both proper criteria must still be fulfilled to support the
legality and continuity of the implementation of
incinerators for port solid waste management. The
compliance criteria provide a portion of 33.3%
(IR=0.333) for the legality of the application.
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The strategy of recruiting skilled incinerator
managers from the community (MANG) and the
strategy of developing a tariff system in incinerator
operations (TARF) met the compliance criteria good,
namely with each achievement of 0.98 at a trusted
inconsistency of 0.06. It is quite reasonable because
skilled managers are believed to have a better
understanding of applicable waste management
regulations, while the tariff system is a manifestation
of compliance with these regulations (Ewell et al.,
2020; McClanahan et al., 2022). For the beyond
compliance criteria, it was very good met by the
strategy of developing an environmental control
system in incinerator operations (CONT), namely with
an achievement of 0.196 at a trusted inconsistency of
0.04. According to McClanahan et al. (2022), Azeez
et al. (2022), and Subhan (2018), the development of
an environmental control system has a major impact
on protecting fish quality, public health, and the
comfort of activities in the port area. The strategy of
recruiting skilled incinerator managers from the
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community (MANG) and the strategy of cooperation
in incinerator development with private companies
(COOP) also met the criteria good, with achievements
of 0.134 and 0.116, respectively (inconsistency 0.04).
Both strategies expanded community involvement
through recruitment and cooperation programs.

By considering the urgency of each criterion
and the achievement of each alternative strategy, the
strategy of implementing incinerator technology for
solid waste management in fishing ports could be
formulated with a priority order, as presented in
Figure 5.

Overall inconsistency = 0.05

Development of tariff systems in incinerator operations (TARF)
Development of environmental control systems in incinerator operations
(CONT)

Cooperation in incinerator development with private companies (COOP)

Development of appropriate incinerators collectively (COLL)

Recruitment of skilled incinerator managers from the community

(MANG)

0.245

0.232

0.1

0.05 0.15 0.2 0.25 0.3

Figure 5. Analysis results of strategic priorities of implementing incinerator technology for port solid waste management

Based on Figure 5, the strategy for developing
an environmental control system in incinerator
operations (CONT) is a priority | (IR=0.245,
inconsistency 0.05) if incinerator technology was
applied in the Tanjung Luar FP area. According to Ji
et al. (2022) and Liu et al. (2022), an environmental
control system is very much needed in waste
management because it directly controls the
operations and outputs it produces. The environmental
control system protects fishermen and the community
from the impacts of neglected fisheries and port
activities (Mustaruddin et al., 2022b; Cheng et al.,

2020; Shofa and Hadi, 2017). The CONT strategy was
also not too sensitive because it only changed when
there was a decrease in the program’s orientation
towards the community (IR beyond compliance
criteria  <0.632), while the decrease/unclear
regulations were relatively stable (Figure 6).
According to Caramuta et al. (2021) and Firdaus et al.
(2020), a strategy that was oriented towards
community welfare needs to be prioritised because in
addition to its high acceptance, it was also effective in
its implementation in fishing ports.
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Figure 6. Results of the sensitivity analysis of the strategy for developing an environmental control system in incinerator operations

(CONT) in fishing ports
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The environmental control system developed in
the CONT strategy can include pollution control
mechanisms, emission threshold controls, and post-
combustion ash cleaning. Pollution control is carried
out using two mechanisms, namely: (1) turning on the
incinerator when fishing port activities are quiet, and
(b) planting trees in the port area and coastal areas
around the port. For emissions, it can be controlled by
installing an emission detection device on the
incinerator. This device provides information on
emission conditions when the incinerator is operated,
and its operation can be suspended if emissions exceed
the threshold (Ji et al., 2022; Hendrawan, 2022). Ash
cleaning can be done periodically, for example, every
5-7 days. Furthermore, the ash can be used to
fertilising trees that function as air pollution
controllers, and the rest can be shared with the
community (as organic fertiliser). This is very good
because the existence of the incinerator provides
additional benefits to the community. According to
Caramuta et al. (2021) and Firdaus et al. (2020),
strategies that have a real impact on the community
need to be prioritised, because apart from being highly

acceptable, their implementation will definitely be
more effective in fishing ports.

The strategy of recruiting skilled incinerator
managers from the community (MANG) could be a
back-up (priority II) and supporter of the CONT
strategy. In its application, the strategy could be
carried out after the environmental control system in
incinerator operations had been adequately fulfilled.
The control system was an important content in
training incinerator managers recruited from the
community. According to Ross et al. (2024) and Ewell
et al. (2020), a combination of complementary
strategies can increase the chances of success of the
incinerator program as a solution for handling port
waste. Meanwhile, the success of the program stages
can increase the trust of fisheries stakeholders
(McClanahan et al., 2024; Firdaus et al., 2020) and
guarantee the long-term implementation of
incinerators (Yang et al., 2019; Hendrawan, 2022).
Table 4 presents several implications/benefits that
could arise from the implementation of incinerators
for the sustainability of fisheries activities at the
Tanjung Luar FP.

Table 4. Implications of the implementation of incinerators on the sustainability of fisheries activities in the port

No Fishery activities Contribution of fisheries Implications/benefits of implementing incinerators in
stakeholders to incinerators fishing ports

1. Fishing boat Collection of fishing waste, Clean fish landing dock, faster fish unloading, more
prospective incinerator operators hygienic fish caught

2. Fish marketing Collection of solid waste at fish Image of fish caught increases, fish auction is neater and
auction sites, prospective more orderly, fish sells faster
incinerator operators

3. Port industry and fish Collection of solid waste from Complaints about industrial waste from ports and fish

processing port industry and fish processing,  processing decrease, raw fish and processed products are of

prospective incinerator operators higher quality

4. Sea supply kiosk Collection of solid waste from Sea supply area is cleaner, visitor health is more assured
supply preparation

5. Provision of fuel Collection of solid waste from the  Fuel station area is cleaner, fire risk is reduced
port in the fuel station area

6. Provision of ice for fish Collection of solid waste in the Ice factory area is cleaner, ice factory performance is
ice factory area improved, fish cold handling is more assured

7. Food stalls Collection of leftover food and Food stalls are cleaner, visitor health is more assured
vegetable waste

8. Fishery services Coordination of fish handling and  Fishery services are better and demand is increasing,

fish transportation waste

cleanliness of fish transportation facilities is more assured

If the fishing port successfully handles solid
waste using an incinerator, it will encourage the
development of fishing activities in the Tanjung Luar
FP. Many fishing boats will land their catches at the
port because the dock is clean and no longer disturbed
by fishing waste (Table 4). Fish auction and marketing
activities can run more orderly, and the solid waste
produced can be sent to the incinerator at the end of
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each activity. The area around the sea supply kiosk is
also cleaner because packaging waste is no longer
piled up for days. This then invites many fish buyers,
visitors, and the community to come to the fishing
port. According to Mustaruddin et al. (2022b) and
Wirajing and Nanfosso (2025), fish buyers and visitors
pay close attention to the cleanliness and quality of
fish in transactions, because fisheries activities at the
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port are a food business. These fisheries transactions
will affect other transactions, such as the provision of
ice, food stalls, and fisheries services. Fisheries
services, for example, there will be bank transfers and
fish transportation services, if there is a fish purchase.
This will continue, if there is comfort in activities at
the fishing port, especially in solving the problem of
solid waste that is widely complained about. This
study has shown that incinerators have high suitability
for handling this waste, and also presents a strategy for
implementing it at fishing ports. Each fisheries
stakeholder can contribute according to their role in
supporting the implementation of the incinerator
(Table 4). This finding can be applied to all fishing
ports because they have the same waste typology, and
also supports the ecofishing port program initiated by
the Indonesian Government (Muninggar et al., 2020;
Wahyuni et al., 2022).

4, CONCLUSION

The developing fishery activities in Tanjung
Luar FP were fishing boat activities, fish marketing,
port industry and fish processing, provision of supplies
for going to sea, provision of fuel for going to sea,
provision of ice for fish, food stalls, and other fisheries
services. All these activities had the potential for solid
waste. The solid waste from fishery activities is net
scraps, fishing line pieces, used cardboard supplies,
used plastic, fallen fish, pieces of fish, fish scales and
guts, fish container waste, pieces of rope, wooden
crate waste, used sacks, used jerry cans, pipe pieces,
used hoses, used styrofoams, used spare parts, leaves,
and food waste. The suitability of the incinerator for
solid waste management at the port was relatively
high, which was indicated by the fulfilment of good
compliance criteria (3.20 on a scale of 1-4) and very
good beyond compliance criteria (3.52 on a scale of 1-
4). The development of an environmental control
system in incinerator operations (CONT) was priority
strategy | for the application of incinerators for solid
waste management in fishing ports (IR=0.245,
inconsistency 0.05). The supporting strategy was the
recruitment of skilled incinerator managers from the
community (MANG) (IR=0.232, inconsistency 0.05).
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There are two main issues related to water resources in coastal areas covered by
peat soil. The first problem is peat fires, which occur during the dry season and
are difficult to extinguish because the characteristics of peat make it very
flammable. The second problem is a lack of clean water resources for the needs
of the surrounding community. This study investigates the feasibility of
groundwater potential for prevention of peat fire tragedies, and groundwater
resources for community use. This study employed an integrated approach that
combined geoelectrical resistivity surveys with physical and chemical analyses
of soil and groundwater to assess groundwater potential both as a water resource
and as a preventive measure against peatland fires. The results of this study
indicated that all groundwater samples were contaminated with seawater and
exceeded the permissible limits set by the World Health Organization (WHO),
making them unsuitable for human consumption. Except for the central and
eastern parts of the study area, peat soil exhibited resistivity values ranging from
30 to 210 Q-m, largely influenced by its fluid and clay content. Through
interpretation of resistivity data, variations in sand and gravel content at different
depths were identified. Shallow aquifers were present at a depth of 10 meters in
the south and 12 meters in the north, and the peat soil had a thickness that varied
up to 4 meters. Thus while the groundwater reserves in the study area are not fit
for community use or consumption, they do appear sufficient to significantly
reduce the risk of widespread peat fire disasters.

1. INTRODUCTION

Water is one of the most vital natural resources
required by all living organisms and for maintaining
environmental sustainability. Water quality in a region
can be influenced by natural environmental factors as
well as anthropogenic activities, including negligence,
which may lead to in the contamination of water
sources (Karunanidhi et al., 2021). Moreover, water
plays a crucial role in maintaining the hydrological
balance of peatlands, which is, which is essential for
ensuring the long-term sustainability of peat
ecosystems (Tanneberger et al., 2021). In peatland
areas, shallow groundwater is often unsuitable for
suitable for daily human use, as it is inevitably
contaminated by the peat material itself (Dettmann et

al., 2021; Szczepanski et al., 2021). Near surface peat
soil also dries out easily during the dry, making
peatlands more prone to drought and increasingly
susceptible to fire (Nelson et al., 2021; Taufik et al.,
2022). Peat fires cause severe damage to both the
ecosystems living in peat areas and the surrounding
environment, especially through the production of
hazardous smoke and haze.

Peatland fires can exhibit a wide temporal range
and may smolder underground, persisting for extended
periods. Extinguishing peat fires requires a very tiring
effort, because most peatlands in remote areas and
difficult to reach. Peat soil frequently experiences fire
disasters during the dry season (Kurniawan et al.,
2024; Rezanezhad et al., 2016). Typically, peat fires
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are uncontrollable due to the large volume water
needed to extinguish them. To effectively prevent sub-
surface fires, it is essential to fully saturate the peat
soil with water, beyond merely extinguishing surface
flames. Research on peat soil has been documented in
a number of studies. To preserve wet environment,
Ghit et al. (2018) conducted research to the area of
peat soil in Algeria. Crowson et al. (2019) mapped
Sumatra Island’s peat forests using satellite remote
sensing fusion. In contrast, Chasmer et al. (2017) used
Lidar data to measure the thickness of peat soil and the
quantity lost due to peat fires. To preserve peat soil,
Zak and Mclnnes (2022) carried out wetting of
peatlands to maintain ecological conditions. The
restoration of peatlands can help counteract
detrimental impacts and deliver advantages for both
local and global communities related to carbon, water,
biodiversity, and human well-being (Farrell et al.,
2024).

Silvestri et al. (2019) reported the application of
geophysical techniques in the study of peat soil and
how to compare aerial geophysics topographic method
for determining the depth of peat soil measured from
the surface. Several studies have reported their
findings on the application of geophysical techniques
to investigate groundwater characteristics, peat
properties and potential, seawater intrusion in shallow
aquifers, subsurface void, and even hydrothermal
systems in hilly regions (Islami et al., 2025; Tajul
Baharuddin et al., 2013; Islami, 2018; Islami et al.,
2019). Taufik et al. (2022) developed the PFVI index
for assessing fire risk in tropical peatlands,
incorporating information on groundwater tables and
groundwater retention. This PFVI index can be used
as a peat fire risk management tool, and its application
can minimize the risk of fire in tropical peatlands.

The amount of water needed for extinguishing
fires in peatlands is significantly greater than in other
forest fire cases. Utilizing local groundwater as a
resource for firefighting could help address these
major challenges more effectively. This study uses a
combination of geoelectrical resistivity of soil and
groundwater physical analysis to examine the
potential of groundwater and peatland in the research
area. Thus, it can be a foundation for the peat to protect
it from fire hazards can cause disasters to the
environment and also human life. The findings of this
study should be useful in informing the local
community and government about environmental
factors that should be considered when allocating the
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peatland’s water resources, and it also does not rule
out the possibility of providing references for research
in other parts of the world with the same case. With
regard to the accessibility and utilization of water
resources for the prompt containment of forest fires,
particularly in the peatland region, this research is very
significant for providing protection for peatlands from
fires, it will contribute to climate resilience,
sustainable peatland management and the long-term
sustainability of the peat environment.

2. METHODOLOGY
2.1 The study area

The study was conducted in the eastern part of
the central Sumatra Basin (Figure 1), Riau Province,
Indonesia, which is the largest tertiary sedimentary
basin in the country and a key source of hydrocarbons.
In terms of its tectonic context, the region is classified
as a back-arc basin, which primarily influences its
geological characteristics. Peat soil is dominant on the
surface, especially in the area near the coast (Zhao et
al., 2022). Peat soil, wherever it is located, is very
prone to burning during the dry season (Nelson et al.,
2021). This situation is particularly alarming because
nearly all of Indonesia’s peatland areas have
undergone changes in function for agricultural
purposes (Juniyanti et al., 2021; Purwanto et al.,
2020).

2.2 Methodology

In this study, an analysis of peat and soil
characteristics, groundwater characteristics, and the
relationship between electrical resistivity and the
characteristics of the measured material was carried
out.

2.2.1 Analysis of soil properties

Fourteen soil samples were gathered from
various sites where the geoelectrical resistivity data
survey was conducted. In order to improve our
understanding of the properties of the soil in the study
region, soil grain size was examined (Guo, 2009). To
describe the original soil, a soil sample was taken at a
depth of roughly 40-50 cm. A well was bored to obtain
soil samples of subterranean soil at different depths in
addition to the near-surface dirt. Sixteen soil samples
of dirt were collected at certain depths. The dried soil
was sieved and categorized based on the grain size
classification system of Braja (2019) to obtain
information on the soil’s moisture content.
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Figure 1. (a) Map of study area, (b) peatland condition in the study site

2.2.2 Measuring soil resistivity directly

At various locations near the resistivity survey,
fifty direct readings of soil resistivity measurements
were completed. To determine the genuine resistivity
values of specific places of interest, direct
measurements of soil resistivity were obtained for
various soil environments and conditions, such as wet
clay, dried clay, dry peat, and others. To find the
genuine resistivity values, a Wenner setup with a
narrow electrode spacing of 5 cm was employed.
According to Telford et al. (1990), it is possible to
determine the accurate resistivity value of the soil by
measuring it with a reasonably small electrode
directly, with the assumption that the soil is
homogenous for small electrode spacing. At the
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measuring site, the type and color of the soil were
noted and samples of the surface soil were collected to
examine the grain size.

2.2.3 Chemical examination of groundwater

Six existing boreholes were used to gather
groundwater samples, as shown in Figure 1. There
were eight water samples taken. The paucity of
existing wells in the research area made it challenging
to gather groundwater samples at the same target zone
depths. Based on information provided by the well
owner, all of the current wells are deeper than 50
meters, with the exception of W5, a dig well, which is
only about 5 meters deep. The wells’ deepest point
was where the well screen was positioned.
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Regretfully, the well’s owner could not recall the
well’s precise depth. Furthermore, because the wells
were sealed with concrete, it was not possible to
estimate the depth to the water’s surface. The
characteristics of the groundwater were investigated
using a chemical examination of the water. Since the
deeper aquifer is the primary supply of residential
water, special attention has been paid to it. A
peristaltic pump was used to gather groundwater
samples. A number of in-situ characteristics were
measured, including temperature, salinity, pH, total
dissolved solids (TDS), water level, and well depth.
Four hundred milliliters of water were sampled and
stored in plastic bottles. Standard techniques were
used to analyze each and every water sample (Clesceri
et al., 1999). The water samples were transported to
the Chemical Analysis Laboratory for less than 30
hours while being kept at a temperature of about 4°C
in a thermos. There, they were analyzed for ion content
using lon Chromatography (IC) and Inductively
Coupled Plasma (ICP), which is the latest method
offering higher sensitivity, speed, and precision
(Appelo and Postma, 2004).

2.2.4 Geoelectrical resistivity survey

Figure 1 shows all the locations where 1D
geoelectrical resistivity surveys were conducted. At
these sites, 12 traverse lines with lengths of between
200 and 260 meters were established using the
Schlumberger configuration. This configuration was
chosen due to its greater depth of investigation, less
time and a high signal to noise ratio (Telford et al.,
1990). A custom resistivity meter with a varied
maximum output current and DC voltage was used.
The amount of space in the field determined how long
the survey would take. To improve the resolution of
shallower layers, comparatively small 05 m
increments in electrode spacing were employed for the
first 10 measurements.

The apparent resistivity value was computed
using the unprocessed field data, which included
electric current, voltage, and electrode spacing. The
actual subsurface resistivity value was then obtained
by entering these data into the Res1D program for the
inversion stage (Loke, 2001). The early model utilized
in the data processing was the baseline for the initial
data. The first set of data came from interpreting the
trend line that the raw data’s apparent resistivity had
produced. Next, each geoelectrical layer’s resistivity
value and thickness were calculated using the Res1D
software. In order to obtain the true resistivity value,
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both forward and inverse modeling techniques were
used in the process. To compare with the measured
value in forward modeling, the program computes the
value of theoretical resistivity in the model created by
repetitive inversion. The resistivity curve’s layered-
ground model, which represented the likelihood
(expressed in terms of least squares) of corresponding
to the field curves, was determined by inverse
modeling. Finally, the data was mapped and contoured
using Surfer 8.02 (Golden Software).

3. RESULTS AND DISCUSSION
3.1 Characteristics of the soil and a direct
assessment of its resistivity

Table 1 shows the type of soil and resistivity
measurement. The interpretation of subsurface
resistivity was guided by these findings. The data
given in Table 1 shows that the resistivity value of
saturated peat soil will depend on the clay content in
the peat pore. The magnitude of peat resistivity
increases if the peat content increases. When peat is
mixed with clay, the magnitude of resistivity will
decrease as the clay content mixed with the peat
increases. Peat without clay content shows a resistivity
value of 195-210 Q-m for wet conditions, and for
relatively dry conditions it is 70-95 Q-m. According
to Basri et al. (2019), the pore fluid in the peat soil
determines the peat resistance value especially in dry
conditions. As the moisture content drops, the
medium’s ability to conduct current generally
diminishes because of empty pores. For this reason,
the resistivity value typically rises. Even though the
medium in Table 1 was filled with water, the coarse
sand was made of the electric current-resistant quartz
crystal. This increased the medium’s overall
conductivity because the water in the pores served as
a conductor to transfer electrical current.

3.2 Groundwater chemical analysis

The results of chemical analysis of groundwater
samples from both the recently drilled well and the
existing wells are presented in Table 2. The final rows
of the table show the World Health Organization’s
(WHO, 2008) maximum concentration that suitable
for human consumption. With the exception of WS5
and WS8 (5.68 and 5.91, respectively), the majority of
water samples have pH values between 6 and 8 (not
safe for human consumption). All groundwater
samples have K, Ca, Mg, and Na cation levels that are
within the permissible range for ingestion by humans.
Furthermore, the SOs2 anion content was
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comparatively low (<400 mg/L), making it safe for
ingestion by humans. With the exception of WS3 and
WS7, the Fe anion’s content is unfit for human
consumption which is more than 0.3 mg/L. The
elevated seawater concentration but decreased pH
content in the groundwater samples from these two

wells is most likely the cause of the lower content of
Fe. The organic content of the water is what causes the
fluctuation in pH (Hounslow, 1995). Table 2 shows
differences in the cation content, particularly in Fe,
which are higher than the typical threshold for human
intake that is safe.

Table 1. Actual resistivity readings of the drilled well’s surface soil and soil sample

No Type of soil Soil sources Number Colour Resistivity range (Q2-m)
of samples Wet condition Dry condition
(Moisture content >25%)  (Moisture content<10%)
Peat (100%) Near surface 5 Dark grey 70.33-95.6 195.2-210.6
Peat Near surface 5 Dark grey 40.3-55.6 78.6-98.3
(50%-75%)
3 Peat Near surface 4 Dark grey 31.4-36.2 80.7-89.1
(25%-50%)
4 Clay New well 4 Dark grey 16.5-23.4 61.7-73.4
5 Clay New well 4 Relatively white 55.3-67.4 241.2-269.3
6 Medium to New well 4 Relatively white, 46.5-68.2 -
fine Sand (fully saturated)
7 Coarse sand New well 4 Relatively white, 51.2-84.5 -
(fully saturated)
Table 2. Chemical content of the groundwater sample
Well name pH Salinity ~ TDS Cl SO4 K Ca Mg Na Fe
(0/00) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
WS1 7.12 0.73 2,270.7 834.75 291 1.93 42.6 35.69 55.86 0.23
WS2 7.36 1.13 3,060.2 1,189.25 273.4 2.33 723 48.19 67.36 0.34
WS3 7.18 0.54 2,100.8 634.85 292 1.72 32.8 35.67 55.84 0.16
WS4 6.87 0.82 2,050.2 517.5 382.4 1.88 38.1 27.57 39.13 3.16
WS5 5.68 0 163.4 63.3 124.8 124 144 3.23 22.18 2.73
WS6 6.92 0.22 1,092.3 276.5 368.6 1.53 44.7 21.43 10.25 5.83
WS7 6.97 0.31 1,130.6 411.3 3174 1.68 36.5 17.52 37.12 2.22
WS8 5.91 0.21 1,102.4 306.6 378.6 1.72 47.8 19.44 17.24 6.82
WHO 6-8 250 400 150 200 0.3

The anion concentration of the water sample
reveals that all of the water samples have
comparatively greater chloride ion values than the 250
mg/L (human consumption limit) except WS5. The
well WS5 location is relatively far from the coast
and is the cause of the low concentration of chloride
ion. A map showing TDS and chloride is shown in
Figure 2. Circles indicate groundwater chloride
concentrations, which are comparatively low in the
southern portion of the research region. In the northern
portion of the research region, they are, nevertheless,
comparatively high. The north of the research region
has higher chloride concentrations, which are related
to its closeness to the coastline. In water samples that
are quite close to the coastline, other researchers have
also discovered relatively high concentrations of
chloride (Telahigue et al., 2018; Ayed et al., 2018).
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For TDS, the same pattern was noted. All of the water
in the aquifer, though, is thought to be a combination
of freshly arrived non-brackish water and seawater
that was previously trapped there.

In Figure 2, the chloride ions are plotted against
other ions for all the water samples from the research
area. Based on the plotted graph in Figure 2, it can be
concluded that the groundwater comes from the same
saltwater source. Chemical reactions like ion
exchange activities or mixing can alter the chemical
makeup of fresh groundwater. In reality, the data
match those shown in Table 2. As seen in Figure 3,
most ions generally exhibit a strong association with
the chloride ions. In the deeper aquifer, K, Mg, and Na
ions have a strong association with chloride, with the
exception of Ca ions. This suggests that the source of
these ions is the same saline water (Kim et al., 2003).
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3.3 Data from well-drilled

In order to acquire geological information for
the purpose of calibrating and interpreting the
resistivity data, a fresh well was dug approximately in
the middle of the research region. Soil samples were
collected during the drilling of the well. In order to get
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geological data for this study region, several

researchers also took soil samples while digging
(Zhuo et al., 2017; Li et al., 2019). The soil analysis
findings are plotted against depth in Figure 4. There is
clay soil, which is light grey, down to around two
meters. A notable change in clay color to grey occurs
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from 2 to 12 meters. Deeper than 12 to 19 meters is
where fine sand can be found. During the site survey,
the first aquifer was discovered in this depth range. At
52 meters below the surface, a second aquifer with

Figure 4. Well drilling photograph (a) and Lithology log (b)

3.4 Interpretation of resistivity below the surface

All the resistivity data were processed using
Res1DInv to estimate the depth of each layer and true
resistivity value of each layer. The inversion process
was carried out using resistivity raw data collected
from the field. The subsurface’s geoelectrical
resistivity for each site is interpreted in Figure 5. The
result of the inversion shows the resistivity model that
is represented by the block form in the picture, the
computed apparent resistivity is displayed using a
curve line and then the observed apparent resistivity
data are shown by using the plus (+) sign.

Direct soil resistivity measurement in Table 1
for certain soil conditions was utilized as a guide
during the interpretation process to interpret the
subsurface resistivity (Figure 5). The direct resistivity
measurement of the soil is also supported by well log
data that was obtained from the drilled well (Figure 4).
The different types of curves for the span from the top
surface to the second aquifer were recognized in
Figure 5. Res1D was used to process the geoelectrical
resistivity curves with an RMS error of less than 5%
for all line surveys. Similar types of resistivity
undulation are seen in these twelve resistivity curves
model. With the exception of the LS6 and LS7 lines,
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fine-grained sand was discovered. The well’s
maximum depth was 70 meters, and coarse sand is
found between 58 and 70 meters (Figure 4).

() Surface
Clay (light grey)

Clay (grey)

;| Fine sand (grey)

Clay (dark grey)
| 70m

Clay (grey)

Fine sand (grey)
Medium sand (light grey)

Coarse sand (almost white)

which have resistivities of about 150 Q2-m. In the near
surface layer, resistivity data ranges from 30 to 50
Q-m which shows layers of peat mixed with clay that
are indicated by near-surface resistivity range from 30
to 50 Q-m. A resistivity of about 150 Q-m. indicates
that there is rather dry clay present. Direct field
observations made near each survey site substantiate
this. The geoelectrical resistivity curve’s form
provides an indicator of lithology interchange, as seen
in the following pattern. The rock formation and
lithology in the study area are indicated by five distinct
types of geoelectrical resistivity curves. This
conclusion is based on the characteristic of block and
guided by the lithology data. They are peat soil
followed by clay, then layered by the first aquifer, and
clay layer between the first and second aquifers, and
the second aquifer. Nevertheless, the eastern and
middle regions of the research area did not contain
peat soil. This is the opposite of what was found in the
resistivity study of LS6 and LS7, where the top surface
had a resistivity value of roughly 150 Q-m. The
lithology information gleaned from the drilling
procedure also lends credence to this hypothesis
(Figure 4).
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In the southern portion of the research area
(LS9, LS10, LS11, LS12, LS13, and LS14), the value
of the resistivity data was found to be around 50 Q-m
from the surface down to a depth of 1.5 m based on the
interpretation of the resistivity data in Figure 5. This
resistivity value is consistent with the peat soil, which
was determined by direct resistivity testing and ranged
from 47 to 54 Q-m (Table 1). In the northern portion
(LS1, LS3, and LS4), the peat soil resistivity values
range from 48 to 53 Q-m, indicating a relatively thick
peat layer averaging 2.60 m. As seen in the LS7 and
eastern portions as well (LS5 and LS6), no peat soil
was discovered in the middle of the research area. The
resistivity value in these locations is 150 Q-m, or dried
clay soil, close to the surface. The following layer has
a resistivity of 22 to 35 Q-m, which is indicative of
saturated clay soil. Because the north portion of this
stratum was closer to the beach, there was a
comparatively greater resistivity difference between it
and the south. Out of all the layers, the third layer has
the lowest resistance (25-38 ©2-m). This suggests that
the layer on top of it is an aquifer that is full of brackish
water. This aquifer gets deeper as it moves northward.
This aquifer gets deeper as it moves northward.
Nonetheless, this aquifer’s resistivity rises toward the
south, suggesting that the groundwater’s brackishness
gradually diminishes as one moves landward. Beneath

1.36
1.34

1.32

Latitude

13

1.28

1.26

1.24

the first aquifer lies a clay layer with resistivity
between 50 and 59 Q-m. The resistivity values of the
deepest layer, which matches to the second aquifer,
range from 80 to 120 Q-m. In the deeper depth, the
second aquifer is located at a depth of roughly 60
meters in the north and 40 meters in the south. The
fresh aquifer has comparatively less chlorides and
sulphates in the groundwater in the southern portion,
and these kinds progressively rise in the direction of
the north, according to the relatively large resistivity
difference in the second aquifer.

The resistivity distribution in the subsurface is
displayed in Figure 6. The resistivity readings were
utilized to contour it laterally using a kriging method.
The kriging spreading was based on a variogram
modelled with a lag distance of 0.056 (unit is in
degree) for individually depth below the surface (0 m).
The resistivity distribution at the surface s
comparatively higher (>120 Q-m) in the middle and
eastern regions of the research area. Peat soil was
represented by the dark grey zone. The resistivity
value is typically about 25 Q-m at depths of 10 and 20
m, indicating the presence of a brackish water zone in
the first aquifer. The clay zone was grey at 30, 40, and
50 meters below the surface. The second aquifer,
which is light blue in hue, is the last stratum.
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Figure 6. Topography map (a) and distribution of resistivity value at the surface to -60 m depth (b-h)
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Figure 6. Topography map (a) and distribution of resistivity value at the surface to -60 m depth (b-h) (cont.)

3.5 Anticipation for prevent Peat fire disaster

Based on the resistivity data interpretation, the
thickness of peat soil was estimated for all the research
area. These data’s trends show that resistivity changes
dramatically at a depth of roughly two meters. This
suggests that the soil had changed from being peat to
becoming clay. In contrast, the southern region of the
research area experiences no such change. This
suggests that in the southern part of the research area,
the peat soil is not found in the near surface (0-3 m
deep). The reason these zones don’t have peat soil is
because the Siak River overflowed and inundated their
surface, leaving clay as the predominant material
covering these places.

The total bounded study area is 1.88x10% m?
which is used in the estimation peat and aquifer
volume. The peat’s thickness ranges from 0 m in the
southern area but is found to be about 4 m thick in the
northern area, with an average thickness of roughly 2
m. The depth of peatland is according to the
geoelectrical resistivity interpretation for the entire
region. Figure 7 displays the soil thickness that is only
4 m thick in the north portion. Other studies indicate
that peat thickness varies from 1 meter to tens of
meters, depending on the depositional environment
during peat formation (Crezee et al., 2022; Islami and
Irianti, 2021; Anda et al., 2021; Islami et al., 2023).
Finally, the total volume of the peat soil within the
study area is about 3.72x10® m?3. This volume
prognosis is based on the boundary of the countering
and the depth in each location. Peat porosity in this
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region is about 41% (Sutejoa et al., 2016), and then the
peat,s total pore volume can reach about 1.54x108 m2.

In order to do early anticipation of the peat fire
disaster, the need of water is important to investigate.
The thickness of the first aquifer as determined by
interpreting the resistivity data depicted in Figure 8 is
roughly 8 m thick in the south region. The aquifer is
thicker just about 12.8 m thick in the north region.
Because thickness is not recorded uniformly, the
increase in thickness from the south to the middle area
is less than the increase in thickness from the middle
to the northern area; therefore, the first aquifer’s
thickness does not increase gradually to the north.
Since the first aquifer has an average thickness of 10.2
meters, the approximate total volume of water
resources in the pores with average porosity of 30% in
the shallow aquifer is predicted to be as much as
5.75x108 m?3,

The overall amount of water in the reservoir of
the shallow aquifer is expected to be greater than what
would be required to plug all of the peat soil pores,
which helps to prevent peat fire disasters. Because the
peat soil has significantly high of porosity and
permeability (Sutejoaet al., 2016), water can naturally
seep to the bottom part of the material of the pores in
the peat. To put it another way, all of the water in the
first aquifer can be used to predict the amount of water
needed to avoid a peat fire. This eliminates the need
for helicopters to carry water to other sites, which has
historically been the method used when peat fires
occur.
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Finally, according to a volume analysis of both peat
soil and groundwater, the water resources from the
first aquifer are quite feasible to supply water in this
area to put out flames of the peat in the dry season. But
if peat fires occurred in this area or perhaps in other
locations of peatlands, the issue that can come up is
that it is quite challenging to get the fire site in order
to drill wells during a fire. Therefore, in the event of a
drought, it would be wise to locate wells with
automated pumps in case of peat fires. This would
reduce the likelihood of a peat fire happening. In
addition, the automated pumps would keep the peat's
moisture content constant. Ultimately, it will maintain
the peat wetland area’s ecosystem's viability.

433
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3.6 Future discussion

This study shows a snapshot of groundwater
chemistry and resistivity but does not consider how
seasonal variability may impact groundwater
availability or quality for fire prevention. Future
research should focus on how changes between the dry
and wet seasons can affect important factors such as
groundwater levels, salinity concentrations, and peat
moisture dynamics in coastal areas. Multi-seasonal
studies using long-term field monitoring approaches,
hydrological modeling, and satellite imagery would be
very useful in understanding the complex interactions
between seasonal rainfall, seawater intrusion, and
groundwater balance. Particular attention should be
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paid to the impacts of prolonged dry seasons or
extreme wet seasons on peat drying, increased
oxidation, subsidence, and changes in groundwater
and surface water quality. The study conducted by
Ahmad shows the importance of maintaining the
condition of peatlands from fires. They did this
engaging with the community about how important it
is to maintain the condition of peatlands.

4. CONCLUSION

The findings of this study suggest that the peat
soil and aquifer conditions in the study area can be
effectively investigated using the geoelectrical
resistivity method. Direct surface resistivity
measurement is a highly helpful tool for resistivity
data interpretation and calibration. The north of the
research area has rather brackish groundwater, as
evidenced by the comparatively high chloride
concentration of the water samples. According to the
resistivity data interpretation, the study region is made
up of coarse sand, clay, and peat soil. Based on the
distribution of resistivity values, it was possible to
detect and map the depths of the two aquifers and the
peat. The research area’s middle and eastern regions
have no peat soil, and the thickness of the soil varies.
The entire volume of water in the shallow aquifer
appears to be more than sufficient to prevent a peat fire
calamity in the future, even as the aquifer's depth
grows toward the north.
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Inorganic pollutants, like heavy metals found in soil with high levels of concentration,
post a serious threat to the environment. However, heavy metals such as Cu and Pb
produced by waste treated with a phytoremediation technique project a positive input. An
experimental-descriptive analysis was used to quantify the phytoremediation potential of
vetiver grass (Chrysopogon zizanioides L.) and maize (Zea mays L.) in accumulating Cu
and Pb in a former El Salvador City dumpsite, located in Misamis Oriental Philippines.
The study found that the initial amounts of Cu and Pb (1,368 and 38.1 mg/kg) decreased
significantly to (850 and 20.5 mg/kg) respectively. The results also showed vetiver grass
exhibited concentrations of lead (of 15.12+1.20 pg/g) and copper (506.36+8.44 ug/g) in
its roots. In comparison, maize concentrations were found to be: lead (10.22+5.92 ug/g)
and copper (486.85+3.12 pg/g) respectively. The Translocation Factor (TF) of vetiver
grass had a 0.40 value, while maize showed 0.16 and 0.17 values (for Cu and Pb). The
Bioaccumulation Factor (BAF) of vetiver grass was 47.55, and for maize 32.14. The
results rendered significant over the three-month study period at a 0.95 confidence level.
This study concludes that vetiver grass generally accumulates higher concentrations of
both lead and copper in roots and shoots compared to maize, with roots consistently
showing higher metal accumulation than shoots. For future research, these results provide
a foundational scientific framework for soil evaluation of dumpsite areas, and give further
support to policy implementations.

HIGHLIGHTS

The study utilized phytoremediation technique with applied complete randomized block design of pot experiment using vetiver grass
and maize on the contaminated soil. High concentration of heavy metals accumulated on plant system in three months was also

investigated.

1. INTRODUCTION

Environmental pollution in air, water and soil as
a result of human activities marked a tremendous
threat to the current era (Chirila Babau et al., 2024).
Waste materials that brought adverse effect to the
environment, has been carelessly managed causing
serious environmental dilemma. These unproperly
manage wastes contribute high content of organic
pollutants and heavy metals on soil (Khalid et al.,

2017). Soil pollutants is one of the foremost
environmental issues worldwide (Abriha-Molnar et
al., 2023). This issue projects a serious threat for this
leads to the altered physical, chemical and biological
environmental composition.

In the Philippines, R.A. 9003, also known as the
Ecological Solid Waste Management Act of 2000,
have been put in place to address the underlying
issues. The goal is to manage solid waste efficiently
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by reducing waste volume and promoting eco-friendly
disposal methods. However, the Act’s provisions on
waste dumping have led to the accumulation of heavy
metals, which has negatively impacted soil quality.
This may lead to the increase of toxicity level in the
soil ecosystem exceeding beyond the threshold limit if
not properly monitored (Obasi et al., 2021). To
address this environmental problem, strategies like
phytoremediation have been introduced to mitigate the
high concentrations of heavy metals in the soil
resulting from increased waste dumping activities.

El Salvador City with its growing population, has
opened its landfill on 2000 and started its operation on
the year 2001. The area is specifically situated in the
upland location of barangay Himaya. The area can hold
wide range of wastes, that as it started its operation, it
can accommodate approximately 108,000 kilos of
waste per month. Wastes generated are combination of
wastes coming from establishments, infrastructures,
industries and household wastes. Through the years the
landfill becomes an open-dumpsite due to the
uncontrolled bulk of mixed-waste being dumped in the
area. Such dumped wastes can have significant heavy
metal contamination to soil (Bisht et al., 2024).

Heavy metals in contaminated soil which cannot
be degraded are toxic elements that naturally occur in
the environment and have an atomic density greater
than 4x106 mg/kg. Such metals influence plant growth
and development through biological and non-biological
means. Exceeding the threshold limit beyond (20-100
mg/kg) Cu and (30-50 mg/kg) Pb may post an
ecological and nutritional toxicity disrupting balance in
soil ecosystem (Obasi et al., 2021). Increased level of
heavy metals results to oxidative stress in plants leading
to production of free radicals and reactive oxygen
species, resulting in cellular damage, reduced growth,
and lower biomass production (Goyal and Kahlon,
2022). These metal concentration that exceeds the
WHO organization standards for plants and soil caused
serious harm to the environment (Chibuike and Obiora,
2014). Hence, phytoremediation is vital.

Phytoremediation is a remediation technique that
utilizes plants to absorb, sequester, and detoxify a range
of pollutants from soil, water, and air (Zhang et al.,
2020; Tiwari et al., 2019). It is environment friendly,
cost effective and sustainable approach since it utilize
plants to remove metals and organic contaminants in the
soil. Common plant species that is being used for
phytoremediation is the vetiver grass Chyrsopogon
zizanioides (L.), a hyper accumulator plant belonging to
the Poaceae family (Suelee et al., 2017). Maize Zea
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Mays (L.) belonging to the Poaceae family which is also
globally known to being one of the most important
cereal crops worldwide also renowned for its ability to
tolerate heavy metals and grow rapidly with high
biomass yield (Atta et al., 2023). Both plant species are
tolerant to heavy metals specifically copper (Cu) and
Lead (Pb), and is use as an alternative method to
eliminate the presence of heavy metals on soil. Both
plants are native species found in south and South-East
Asia (Phusantisampan et al., 2016; Oshunsanya et al.,
2023).

Numerous plant species that naturally inhabit
contaminated areas have been investigated for their
potential ability in phytoremediation. This includes
dumpsites, landfills, mining, and quarrying sites.
Certain plants are capable of thriving and surviving in
metal-rich soils and are categorized as metal-tolerant
species or bioindicators (Borymski et al., 2018). Such
plants can effectively phytoremediate soil through
exclusion from the plasma membrane, immobilization,
ligand sequestration and chelation (Zhang et al., 2023).

In this light, the researcher utilized plant species,
specifically vetiver grass and maize to determine the
translocation and bioaccumulation factor of identified
heavy metals to mitigate soil pollutants and improve
soil quality. The utilized growth of plant species was
observed in the study area.

2. METHODOLOGY
2.1 The study site

The study was conducted in Himaya El
Salvador City, Misamis Oriental, Philippines. Situated
approximately 8.5247, 124.5183, in the island of
Mindanao. It geographically lies between the
coordinates of 8° 28” to 8° 33” North Latitude and
between 124° 27” to 124° 34” East Longitude. It is
bordered by the Municipality of Alubijid to the west,
Opol to the east and Manticao and Naawan to the
south. On the north, lies Macajalar Bay of the Bohol
Sea. The site presented in Figure 1 has an approximate
elevation of 136.9 meters or 449.1 feet above mean sea
level. The general land uses of the of the City’s total
land area of 14,265 hectares comprising of forestland
with 8,271.20 hectares having the highest percent
(57.98) stipulated in the existing general land use map.
The area falls under climatic type Ill, which is
relatively dry seasons from November to April and
wet during the rest of the year with no pronounced
maximum rain period. November to April is the
relatively dry months, while May to October is often
the period of heavy rainfall.
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(b) 8°28'-33' N, 124° 27'-34' E

Figure 1. Location Map of the Philippines, Mindanao and Himaya El Salvador City, Misamis Oriental

2.2 Soil physicochemical analysis

2.2.1 Soil texture

To measure the relative proportion of sand, silt,
and clay particles in a soil sample the research utilized
the hydrometer or sedimentation method based on
Stokes’ Law to measure the settling rates of soil
particles (University of Illinois, 2023).

In determining the soil texture, the amount of
sand, silt and clay was determined using the
hydrometer method or sedimentation test. One half
(0.5) cup of soil sample was placed in 100ml
graduated cylinder and added 3.5 cups of water. Using
digital pH meter, the pH of soil water was set to <4.0
by adding hydrochloric acid (HCI), the graduated
cylinder was covered, wobbled for five minutes, and
allow to settle for 24 hours, the total depth including
the depth of each layer of the soil was separated,
measured and recorded. The soil separated (particle)
was at the bottom, followed by the silt in the middle
and the clay at the top.

The total depth, and the depth of the three
separates, was calculated using the percentage of each
soil separates using the formula below.

sand depth

% Sand = FELe X 100 (1)
.1, _ siltdepth
%Silt = ot X 100 )
__ clay depth
% Clay ~ total depth 100 (3)

438

After determining the proportion of the soil
separates, the texture was determined using the soil
triangle method to classify soil types based on relative
proportions (Groenendyk et al., 2015).

2.2.2 Soil pH

To measure the hydrogen ion concentration in
the soil solution, the research determines the soil pH a
critical factor influencing nutrient availability,
microbial activity, and overall soil quality (Jean-
Philippe et al., 2012).

The pH meter probe was dipped into a solution-
a mixture of soil and deionized water in a 1:1 ratio
volume by weight. The solution was prepared by
placing twenty (20 g) soil and deionized water in a 50
mL beaker. The samples were brought to a final volume
of 40 mL and was shaken for one minute and allowed
to settle for one (1) hour before pH was determined.

2.2.3 Soil organic matter

To be able to determine the key indicator of soil
fertility, structure, and biological activity and traced
the amount of decomposed plant and animal residues,
cells and tissues of soil organisms, and
substances, loss on ignition (LOI) method was utilized
in the research. A technique used to estimate the
amount of soil organic matter (Miller et al., 2013).

In soil organic matter analysis, samples that was
collected dried overnight on the drying oven and set to
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150°C, this process in to remove the undesirable water
content in the soil. After drying, the soil was placed in
a huge ceramic mortar and crushed thoroughly using
mortar and pestle. The crushed soil was filtered in a
5mm soil sieved to ensure that only fine-earth fraction
of the soil was analyzed. A 10 mL crucible was placed
in electronic scale into zero (0) with the crucible on

top. Using a soil scoop, exactly 5 grams of sieved soil
|

% OM =

weight of soil before combustion—weight of soil after combustion

was placed on the crucible and the weight was
recorded. Same procedure was applied for the
remaining soil samples. The samples were weighed
again and the weight of the organic matter combusted
was calculated.

The percent of organic matter was calculated
using the formula below:

x 100

weight of soil before combustion

2.3 Sampling procedure

Random Composite sampling was employed in
the collection of soil samples within the dumpsite area.
Multiple subsamples points were randomly identified
across the area and mix into one composite sample.
Pre-soil analysis was conducted. Subsurface soil
samples were collected in the site using a shovel. Soil
samples in triplicates was taken at a depth of 30-35 cm.
Seven hundred fifty grams (750 g) of soil sample was
subjected to lead (Pb) and copper (Cu) analysis. Two
hundred fifty grams (250 g) of same soil sample was
subjected to physicochemical analysis (Chafik et al.,
2025). Unwanted debris like leaves, rocks, roots and
alike was removed, and each soil sample was placed
separately in a secured zip locked polyethylene bags
and labelled using a waterproof marking pen. The soil
samples were oven dried at 35°C to remove moisture
prior to pot experiments. Background physiochemical
properties of the tested soil before contamination was
measured.

2.4 Plant preparation

Disease free, healthy vetiver and maize plants
was grown on dumpsite soil in earthen pots (size-
diameter 20 cm; height 17 cm) for a period of three
months January to March 2024. Plants roots and
shoots was pre-analyzed. Plastic vessels were placed
below the earthen pots to collect the water that seeped
out from the pots. Pot experiment of the plants was
employed in the plant nursery area at home. Plants
grown on the garden soil served as a control set. Two
plants were planted per pot and three sets was prepared
for each treatment. Plants was allowed to grow under
normal environmental conditions.

2.5 Pot experiment

Pot experiments was employed for assessing
the application of plants on contaminated soils.
Eighteen (18) polyethylene pots were used in the

439

4)

conduct of the study, nine (9) experimental pots and
(9) controlled pots. The pots were placed onto 240 mm
plastic plant saucers. Pots were rinsed with 10%
alcohol solution to sterilize the surface and eliminate
microbial contaminants such as bacteria, fungi, or
spores that may interfere with experimental results
(Chauhan et al., 2020). In the plant nursery garden,
polyethylene pots with identified plant samples were
laid out completely in randomize block design with
replicates. Enough space between the pots were
ensured to keep plants from shading each other. Plants
were planted in each pot with the same depth and
amount of exposure to sunlight.

2.6 Soil preparation

Soil samples were collected from the designated
subsurface sampling sites at a depth of 30-35 c¢cm, air-
dried at room temperature, and sieved through a 2 mm
mesh to remove debris and coarse particles.
Approximately 1.0 gram of each prepared soil sample
was subjected to acid digestion to extract heavy
metals. Digestion process followed adding 10 mL of
concentrated nitric acid (HNOs) to the soil sample in a
digestion flask, followed by gentle heating until the
reaction subsided. Subsequently, 5 mL of concentrated
hydrochloric acid (HCI) was added, and the mixture
was heated further until a clear solution was obtained.
Standard solutions of the target Cu and Pb heavy
metals were prepared to calibrate the Atomic
Absorption  Spectrophotometer. Flame  Atomic
Absorption  Spectrophotometry  (FAAS)  was
employed to determine the concentration of specific
metal present. Calibration was performed using
standard solutions of known concentrations, and the
instrument was set to the appropriate wavelengths for
Cu (324.8 nm) and Pb (283.3 nm). The method
detection limits for copper and lead in soil were
approximately 0.5 to 2 mg/kg and 1 to 2 mg/kg,
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respectively, based on standard EPA and NIST
analytical procedures.

In three-month experimental period, plant roots
and shoots were systematically monitored at monthly
intervals. At the end of each month, representative
samples were harvested from both garden and
dumpsite soil treatments. Plant tissue samples were
collected for heavy metal analysis to determine the
concentrations of Cu and Pb accumulated over
time. Plant root and shoot samples were thoroughly
washed with deionized water to remove soil particles,
oven-dried at 70°C until constant weight, and ground
to a fine powder using a stainless-steel mill.
Approximately 0.5 grams of each powdered sample
was digested using a mixture of concentrated nitric
acid (HNOs) and perchloric acid (HClO4) in a
digestion block under controlled heating until a clear
solution was obtained. The digested samples were
filtered and diluted to a known volume with deionized
water. The concentrations of Cu and Pb were
determined using Direct Air-Acetylene Flame Atomic
Absorption  Spectrophotometry  (FAAS).  The
instrument was calibrated using standard solutions of

Cu and Pb, and measurements were taken at
wavelengths of 324.8 nm for Cu and 283.3 nm for Pb.
The method detection limits for Cu and Pb in plant
tissues using this technique were approximately 0.5 to
2 mg/kg and 1 to 2 mg/kg, respectively, based on
standard EPA and NIST analytical protocols.

2.7 Statistical analysis

Gathered data were subjected to statistical
analysis to ensure the reliability and significance of the
results. To assess differences between dumpsite and
garden soil plants samples, one-way analysis of
variance (ANOVA) was performed. The level of
significance was established at 0.95 confidence level.

3. RESULTS AND DISCUSSION
3.1 Soil physicochemical properties

Soil physical and chemical analysis results
showed that the subsurface soil in the former dumpsite
area has a clay texture with high water-holding
capacity. It is slightly alkaline and is more likely to be
suitable for most crops (Table 1).

Table 1. Pre-analysis of physicochemical and heavy metals analysis of the experimental subsurface soil

Soil characteristics Value/Characterization

WHO/DUTCH Standards (mg/kg)

Method

Soil texture (%)

ASTM D 422-63 (2007) E2

Sand 44.60 40-50
Silt 7.24 30-40
Clay 48.16 20-30
OM (%) 7.48 Walkley-Black (Colorimetric)
pH 7.8
Pb (mg/kg) 38.1 85/55 Direct Air-Acetylene
Cu (mg/kg) 1,368 36/3.5 Flame AAS

Standard Method of Analysis for Soil, Plant, Tissue, water and fertilizer 1980

Table 1 shows the result obtained for the
concentration of physicochemical and heavy metals on
subsurface in the former dumpsite area. Soil texture
identified as clay with the greatest value of 48.16 on
its composition, indicating high water-holding
capacity but poor drainage ability (Bradley et al.,
2025). The level of pH with the value 7.8 indicates the
subsurface soil to be slightly alkaline and is more
likely to be suitable for most crops (Tian et al., 2024).
Numerical value of the data gathered is being
compared to the World Health Organization (WHO)
and Dutch Standards for soil.

The lead (Pb) level of 38.1 mg/kg is below both
WHO (85 mg/kg) and Dutch (55 mg/kg) standards,
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indicating that the lead concentration is within safe
limits for soil health and plant growth. Content
concentration on the subsurface soil did not exceed on
the set standards. However, for copper (Cu) content
level of 1,368 mg/kg is significantly higher than both
WHO (36 mg/kg) and Dutch (3.5 mg/kg) standards.
The high concentration of copper reveals alarming
toxicity to plants and soil microorganisms, potentially
leading to reduced plant growth and soil health
concentration, numerical value exceeded far more
beyond the tolerable amount on soil (Poggere et al.,
2023).

The ratios of sand (44.60), silt (7.24), and clay
(48.16) are indicated by the texture, with factors that
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have impacts on nutrient availability and water
retention (Wei et al.,, 2023). Lead and copper
concentrations identified in the soil samples reveals
possible contamination, while the pH level shows
slightly alkaline composition.

3.2 Estimated concentration of heavy metals of
plant roots and shoots

The data provided in Table 3 highlights the
estimated concentrations of heavy metals, specifically
lead (Pb) and copper (Cu), in the roots and shoots of
vetiver grass (Chrysopogon zizanoides L.) and maize
(Zea mays L.). The samples were taken from two
different soil types: former dumpsite soil and garden
soil (Table 2).

The concentration of lead in the roots of vetiver
is significantly higher (15.12+1.20 ug/g) compared
to maize (10.2245.92  ug/g).  This  indicates
that vetiver has a higher capacity to accumulate lead
in its roots from contaminated soil (Gravand et al.,
2021). Similarly, the lead concentration in the shoots
of vetiver (6.21+2.23 pg/g) is higher than in maize
(4.10+4.11 pg/g) with 0.95 level of significance. This
suggests that vetiver is more efficient in translocating
lead from roots to shoots, and a heavy metal tolerant
species. This result is consistent to claims that vetiver
not only accumulates lead effectively in its roots but
also translocate a significant portion to its shoots
(Singh et al., 2024).

Table 2. Estimated concentration (ug/g) of heavy metal concentration of plant roots and shoots

Lead (Pb)

Copper (Cu)

Chrysopogon zizanoides (L.)

Zea mays (L.)

Chrysopogon zizanoides (L.) Zea mays (L.)

Former dumpsite soil

Roots 15.12+1.20 10.2245.92 506.36+8.44 486.85+3.12

Shoots 6.21+2.23 4.10+4.11 90.28+12.60 80.2415.11
Garden soil

Roots <0.01 <0.01 <0.01 <0.01

Shoots <0.01 <0.01 <0.01 <0.01

Values are mean of 3 samples=SD

The copper concentration in the roots of vetiver
(506.36+8.44 ug/g) is slightly higher than
in maize (486.85+3.12 pg/g). Both plants show a high
capacity for copper accumulation in their roots,
but vetiver is marginally more effective. The copper
concentration in the shoots of vetiver (90.28+12.60
Mg/g) is also higher than in maize (80.24+5.11 ug/q).
This indicates that vetiver is more efficient in
translocating copper from roots to shoots (Kumar et
al., 2018).

For both plant samples, the concentrations of
lead and copper in roots and shoots are below
detectable levels (<0.01 pg/g) in garden soil. This
suggests that the garden soil is not contaminated with
these heavy metals, and both plants do not accumulate
significant amounts of lead or copper in garden soil
sample.

3.3 Translocation and bioaccumulation of heavy
metals in plant roots and shoots

The data gathered provides insights into the
relative translocation and bioaccumulation of heavy
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metals in the roots and shoots of vetiver and maize.
Translocation factor (TF) of plant utilized in the
research study was used to measure the plant’s ability
to transfer heavy metals from its roots to its shoots
(Table 3).

Data gathered revealed that. vetiver, for both
lead (Pb) and copper (Cu) has a TF of 0.40 value. This
indicates that 40% of the heavy metals absorbed by the
roots are translocated to the shoots. This relatively
high TF suggests that vetiver is efficient in moving
heavy metals from roots to shoots. Maize has a TF
value for lead 0.17, and copper 0.16 value. The lower
values indicate that maize is less efficient in
translocating heavy metals from roots to shoots
compared to vetiver (Dorafshan et al., 2023).

The bioaccumulation factor (BAF) was used in
the research study to measure the ability of a plant to
accumulate heavy metals from the soil into plant
tissues (Sabir et al., 2022). For the BAF value in
shoots, values indicate that vetiver has a higher
capacity to accumulate lead and copper in its shoots
compared to maize (Dorafshan et al., 2023).
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Table 3. Relative translocation and bioaccumulation of heavy metals in plant roots and shoots

Lead Copper

Chrysopogon zizanoides (L.) Zeamays (L.)  Chrysopogon zizanoides (L.) Zea mays (L.)
Translocation factor 0.40 0.40 0.17 0.16
Bioaccumulation factor shoot 19.53 12.89 6.60 5.87
Bioaccumulation factor root 47.55 32.14 37.01 35.59

The BAF values in roots show that both plants
have a high capacity to accumulate heavy metals in
their roots. However, vetiver has a slightly higher BAF
for lead with the value of 47.55, indicating it is more
efficient in accumulating lead in its roots compared to
maize with of 32.14 value. For copper, the BAF values
are relatively similar, suggesting both plants are
effective in accumulating copper in their roots
(Darajeh et al., 2019; Parihar et al., 2021).

The data suggests that vetiver has a higher
capacity for both bioaccumulation shoots and roots of
lead 19.53 and 47.55, copper 6.60 and 37.01 and
translocation lead 0.40 and copper 0.17 value of heavy
metals compared to maize. This makes vetiver a more
suitable candidate for phytoremediation strategies
aimed at both phytoextraction and phytostabilization
(Singh et al., 2024).

3.4 Plant lead (Pb) and copper (Cu) concentration
analysis

3.4.1 Bioaccumulation factor analysis (BFA)

Biological accumulation factor is the ability of
plants to accumulate metals into their tissues. It was
calculated as ratio of heavy metal in shoots to that in
the soil (Balabanova et al.,, 2016). In order to
determine the bioaccumulation of lead and copper on
plant tissues, the ratio of the contaminant in plant and
the concentration in the environment at a steady state
was calculated using the formula:

metal concentration in shoots

Bioaccumulation Factor = metal concentration in soil

3.4.2 Translocation factor analysis (TFA)

After the determination of bioaccumulation
factor of pant species, translocation factor was
calculated to determine the ability of the plant to
accumulate metals from the roots to the aerial parts of
the plants. The translocation factor is defined as the
ratio of metal concentration in the shoots to the roots
(Yoon et al., 2006). Translocation may also move the
absorb substances throughout the plant parts. To
obtain the translocation factor of lead and copper in
plants the formula was used:
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metal concentration in shoots

Translocation Factor = metal concentration in roots
Translocation factor with value greater than 1
mg/kg, indicates that the plant translocates metals
effectively from root to the shoot (Bu-Olayan and
Thomas, 2014).
Phytoremediation performance was evaluated
using the removal efficiency factor. The equation
below was applied:

Co-C
Co

X 100

Removal Efficiency (%) =

Where; C, the primary metal concentration in
the soil and C referred to the final concentration. The
higher the amount of removal efficiency factor means
the phytoremediation process was more effective.

3.5 Heavy metal concentration of plants in three
months span

The table provides insights into the
concentration of heavy metals, specifically lead and
copper in the roots and shoots of vetiver and maize
grown in soil from a former dumpsite over a three-
month period (Table 4-5).

Data gathered showed that the concentration of
lead in both shoots and roots revealed a decreasing
trend over the three-month period. This suggests that
vetiver is capable of initially accumulating lead from
the soil, but the rate of accumulation decreases over
time. The concentration of lead is consistently higher
in the roots compared to the shoots. This indicates that
vetiver tends to sequester lead in its root system, which
is beneficial for phytostabilization as it prevents the
translocation of lead to the above-ground parts of the
plant.

The concentration of copper in the shoots
decreases significantly over the three-month period.
This suggests that the initial uptake of copper is high,
but the plant’s ability to translocate copper to the
shoots diminishes over time. The concentration of
copper in the roots shows a slight decrease from first
to second month but then increases slightly in third
month. This fluctuation could be due to various factors
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such as changes in soil chemistry, root growth
dynamics, or microbial activity in the rhizosphere.

Similar to lead, the concentration of copper is
significantly higher in the roots compared to the
shoots. This indicates that vetiver is effective in
accumulating copper in its root system, making it
suitable for phytostabilization.

Table 4. Heavy metal concentration (ug/g) of roots and shoots of
vetiver grown using former dumpsite soil in three months span

Months Lead Copper
Shoot Root Shoot Root
3.02 7.89 40.45 187.03
1.76 4.07 30.65 156.14
1.43 3.16 19.18 163.19

Vetiver accumulates higher concentrations of
copper compared to lead in both roots and shoots.
Plant possesses a dense and deep fibrous root system
significantly increasing the root-soil interface,
enhancing its ability to absorb soluble metal ions such
as copper. This suggests that the plant has a higher
affinity for copper uptake from the soil. The higher
accumulation of copper in the roots indicates that grass
utilized in the research study can be particularly
effective in stabilizing copper-contaminated soils.

The data in Table 5 provides insights into the
concentration of heavy metals, specifically lead and
copper in the roots and shoots of maize grown in soil
from a former dumpsite over a three-month period.

Table 5. Heavy metal concentration (ug/g) of roots and shoots of
maize grown using former dumpsite soil in three months span

Months Lead Copper
Shoot Root Shoot Root
2.87 4.03 30.46 168.28
1.03 3.46 26.74 161.55
0.2 2.73 23.04 157.02

The concentration of lead in both shoots and
roots decreases over the three-month period from 2.87
to 0.2 value in shoots and 4.03 to 2.73 value in roots.
This suggests that maize initially accumulates lead
from the soil, but the rate of accumulation decreases
over time from 30.46 to 23.04 value in shoots and
168.28 to 157.02 value in roots. The concentration of
lead is consistently higher in the roots compared to the
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shoots. This indicates that maize tends to sequester
lead in its root system, which is beneficial for
phytostabilization as it prevents the translocation of
lead to the above-ground parts of the plant.

The concentration of copper in the shoots
decreases over the three-month period. This suggests
that the initial uptake of copper is high, but the plant's
ability to translocate copper to the shoots diminishes
over time. The concentration of copper in the roots
shows a slight decrease over the three months. This
indicates that while maize continues to accumulate
copper in its roots, the rate of accumulation slows
down over time. Similar to lead, the concentration of
copper is significantly higher in the roots compared to
the shoots. This indicates that maize is effective in
accumulating copper in its root system, making it
suitable for phytostabilization.

Maize has a well-developed fibrous root system
with large surface area that enhances plant ability to
absorb nutrients and trace elements from the soil. Plant
root epidermis and cortex are structured to facilitate
the movement of water and solutes, including copper
ions, into the vascular system. Results showed that it
accumulates  higher concentrations of  copper
compared to lead in both roots and shoots. This
suggests that the plant has a higher affinity for copper
uptake from the soil. The higher accumulation of
copper in the roots indicates that maize can be
particularly  effective in stabilizing copper-
contaminated soils.

The observed trend in Figure 2(a-b), where lead
concentration in vetiver shoots decreases from 3.02
Kg/g in the first month to 1.43 pg/g in the third month,
and in roots from 7.89 ug/g to 3.16 ug/g, suggests a
declining uptake and translocation of lead over time.
Pattern may be attributed to several physiological and
environmental factors, including the plant’s saturation
threshold for lead, changes in bioavailability of lead in
the soil, or the plant’s adaptive detoxification
mechanisms that limit further uptake to avoid toxicity.

Maintained higher value concentrations of lead
in roots compared to shoots indicate that plant primarily
functions as a phytostabilizer, sequestering lead in the
root zone and minimizing movement to aerial parts.
Result is consistent with findings that vetiver grass
accumulated 107-911 mg/kg of lead in roots and only
8.3-180 mg/kg in shoots, even under high soil lead
concentrations (Rotkittikhun et al., 2006).
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Figure 2. Heavy metal concentration in three months of vetiver and maize

Figure 2(c-d) presents Pb accumulation in
maize over a three-month period. The concentration of
lead in the shoots decreased markedly from 2.87 ug/g
in the first month to 0.20 pg/g by the third month.
Similar but less pronounced decline was observed in
the roots, Pb levels dropped from 4.03 pg/g to 2.73
Mg/g. Findings suggest that maize initially absorbs and
translocate Pb efficiently, but its capacity to do so
reduced over time, potentially it may due to
physiological regulation or a reduction in the
bioavailable fraction of Pb in the soil.

The consistently higher concentrations of lead
in the roots compared to the shoots indicate that maize,
like other cereal crops, tends to retain heavy metals in
the root zone. Similar patterns have been reported that
maize roots accumulated significantly more lead than
shoots, with translocation factors typically below one
(Sharma and Dubey, 2005).

3.6 Post analysis of the experimental soil
Soil post analysis was employed to assess how
soil quality and contamination levels change over
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time, specifically in response to the utilization of
hyperaccumulator species like maize and vetiver
grass.

In the gathered data on post-analysis of the
experimental soil, result revealed significant changes
in heavy metal concentrations, particularly for Cu and
Pb with the three-month phytoremediation period
using maize and vetiver grass. The initial
concentrations of Cu and Pb were 1,368 mg/kg and
38.1 mg/kg, respectively. After the experimental
period, values decreased to 850 mg/kg for Cu and 20.5
mg/kg for Pb (Table 6). Reduction suggests effective
uptake and accumulation of heavy metals by the
experimental plants, supporting potential use in
phytoremediation strategies.

Observable decrease in  heavy metal
concentrations was significant when compared to
international safety thresholds. According to the
World Health Organization (WHO), the acceptable
limits for Cu and Pb in soil are 36 mg/kg and 85
mg/kg, respectively, for Dutch standards 3.5 mg/kg for
Cu and 55 mg/kg for Pb. Although the post-analysis
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values remain above thresholds, the downward trend
indicates progress toward safer soil conditions and

highlights the potential of continued phytoremediation
for long-term remediation (Du et al., 2022).

Table 6. Post Analysis of Physicochemical and Heavy metals Analysis of the Experimental Soil

Soil Characteristics Value/Characterization

WHO/DUTCH Standards (mg/kg)

Method

Soil texture (%)

ASTM D 422-63 (2007) E2

Sand 44.60 40-50
Silt 7.24 30-40
Clay 48.16 20-30
OM (%) 7.48 Walkley-Black (Colorimetric)
pH 7.8
Pb (mg/kg) 20.5 85/55 Direct Air-Acetylene
Cu (mg/kg) 850 36/3.5 Flame AAS

Physicochemical properties namely soil texture
and pH remained stable throughout the experiment,
with a consistent pH of 7.48 and a soil texture
dominated by clay (48.16%), followed by sand
(44.6%) and silt (7.24%). Characteristics were
favorable for heavy metal retention and plant growth,
as clay-rich soils with neutral pH tend to immobilize
metals and reduce their leaching potential. The
stability of these parameters suggests that the
remediation process did not adversely affect the soil’s
structural integrity or fertility.

3.7 Comparative removal efficiency of plants
Removal efficiency of plant species was
determined to assess plants’ ability to extract,
accumulate, and reduce heavy metal concentrations on
soil (Table 7).
Over a three-month phytoremediation period, a
comparative analysis of vetiver and maize grown in

Table 7. Removal efficiency of plants

dumpsite soil revealed notable differences in heavy
metal removal efficiencies, particularly for Pb and Cu.
Vetiver demonstrated a higher initial uptake of both
metals, especially in root tissues. In the first month,
vetiver roots accumulated 7.89 mg/kg of Pb and
187.03 mg/kg of Cu, while maize roots absorbed only
4.03 mg/kg of Pb and 168.28 mg/kg of Cu (Table 8).

However, maize exhibited a more pronounced
reduction in metal concentrations over time,
particularly for Pb. By the third month, Pb levels in
maize shoots dropped from 2.87 mg/kg to just 0.2
mg/kg, indicating a removal efficiency of
approximately 93%. In contrast, vetiver shoots
showed a reduction from 3.02 mg/kg to 1.43 mg/kg,
reflecting a lower efficiency of about 53%. For copper,
vetiver still maintained higher uptake levels, but maize
showed a steadier decline, suggesting a more
consistent removal pattern.

Plant species Shoots (mg/kg) Roots (mg/kg)

Lead Copper Lead Copper

Initial Final Initial Final Initial Final Initial Final
Vetiver 3.02 1.43 40.45 19.18 7.89 3.16 187.03 163.19
Maize 2.87 0.2 30.46 23.04 4.03 2.73 168.28 157.02

Table 8. Lead and copper removal efficiency

Plant species Pb removal efficiency (%) Cu removal efficiency (%) Remarks
Vetiver
Shoots 52.65 52.28 Highly efficient
Roots 52.58 52.58 Highly efficient
Maize
Shoots 93.03 24.36 Highly efficient for Pb; less efficient for Cu
Roots 24.36 24.36 Highly efficient for Pb; less efficient for Cu

Philippine National Standard (PNS/BAFS 40:2014)
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The findings were consistent with the work of
(Otunola et al., 2023), emphasizing vetiver’s strong
phytoremediation potential due to its high biomass and
tolerance to heavy metal stress. More so, maize was
also recognized for its gradual and sustained metal
uptake, making it suitable for long-term remediation
strategies (Ali et al., 2013; Otunola et al., 2023). The
complementary use of both species could enhance the
overall efficiency of phytoremediation efforts in
contaminated sites.

4. CONCLUSION

Vetiver grass was effective in absorbing and
storing heavy metals from the soil with the roots acting
as the primary site of accumulation. The initial
concentration of Pb in the soil was 38.1 mg/kg, which
decreased to 20.5 mg/kg by the end of the study,
corresponding to a 46.19% reduction. Similarly, Cu
levels declined from 1,368 mg/kg to 850 mg/kg,
indicating a 37.87% reduction. These results highlight
vetiver’s strong phytoremediation potential, attributed
to its extensive root system, high biomass production,
and tolerance to heavy metal stress. The substantial
accumulation of Pb and Cu in vetiver roots,
particularly during the initial month, further supports
its capacity for stabilizing and extracting contaminants
from polluted soils. Pb and Cu concentrations in plant
shoots and roots generally decrease over the three-
month period of the study. Plant roots consistently
show higher concentrations of lead and copper
compared to plant shoots, indicating that the roots
were more effective in absorbing and storing heavy
metals. Vetiver grass in research study shows strong
potential for phytoremediation, particularly for soils
contaminated with Pb and Cu. Plant ability to
accumulate higher concentrations of heavy metals
makes the plant suitable candidate for soil remediation
like areas of El Salvador City dumpsite area.
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Native breadfruit starch exhibits limitations such as poor water solubility, low thermal
stability, and restricted functional properties, which hinder its direct application in
industrial fields. In this study, modified starch was synthesized using a succinylation
reaction between breadfruit (Artocarpus altilis) starch and succinic acid on a pyridine
catalyst with time variations of 3, 3.5, and 4 h, and temperature variations of 95°C, 105°C,
and 115°C. From the isolation of breadfruit starch, a yield of 7.5% was obtained. The
modified succinic starch was analyzed for functional groups using an FT-IR
spectrophotometer, SEM, and TGA, and the degrees of substitution, solubility, and
swelling power were then determined. The formation of succinylated starch was
confirmed by FT-IR spectra, which exhibited a characteristic C=0 ester vibrational band
at 1,692 cm™ and a supporting peak at 1,200 cm corresponding to the C-O-C ester
functional group. The DS values were measured across all variations of time and
temperature, with the highest DS value of 0.5293 observed at 3.5 h and 105°C. Both
swelling power and solubility increased with longer reaction times and higher
temperatures. Thermal analysis indicated that the starch samples experienced significant
degradation at 400.6°C, with a mass loss of 82.9%. SEM images revealed that the
succinylation reaction caused fragmentation of starch granules, indicating a structural
modification of the starch. Overall, the transformation of native breadfruit starch into
succinylated starch enhanced its functional properties, demonstrating its potential as an
environmentally friendly material for bioplastic applications. Further investigations are
recommended to assess the mechanical performance and biodegradation behavior of the
resulting bioplastics in order to comprehensively evaluate their potential for commercial
application.

HIGHLIGHTS

* Modification of breadfruit starch by succinylation method with pyridine catalyst
¢ The modified succinic starch was analyzed for functional groups using FT-IR spectrophotometer, SEM, TGA, followed by

determination of degree of substitution, solubility, and swelling power.

¢ Greater water absorption causes swelling power to increase

1. INTRODUCTION

Starch, a semi-crystalline biopolymer, is a
highly versatile raw material with a wide range of
applications, including as a staple food in human diets,
food additives, biodegradable packaging materials,
and more. For starch applications, the structure (semi-

crystalline lamellae, crystalline structure, and
molecular structure) and properties (swelling index,
thermal properties, adhesive properties, and

digestibility) of various starches have been extensively
studied (Huang et al., 2016; Tan et al., 2015;
Wongsagonsup et al., 2008). Specifically, corn starch,
rice starch (Deng et al., 2014), cassava starch (Mei et
al., 2015), and potato starch have been well-
researched. However, the increasing demand for
starch from modern industries has generated intense
interest in new and underutilized polysaccharide
sources, opening opportunities for other plants, given

Citation: Zuhra CF, Andriayani, Siregar VA. Optimization of breadfruit (Artocarpus altilis) via succinylation reaction on the effect of time duration
and temperature. Environ. Nat. Resour. J. 2025;23(5):448-458. (https://doi.org/10.32526/ennrj/23/20250041)
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the high starch demand. There are also less common
starches, such as breadfruit starch, that are worth
investigating for the development of new starch-based
products with enhanced properties (Tan et al., 2017).

Breadfruit (Artocarpus altilis) is a tropical fruit
native to Indonesia, the South Pacific, and the
Caribbean, and belongs to the Moraceae family (\Wang
et al., 2011). Breadfruit is a popular starch-producing
fruit widely developed in Indonesia. Its high
carbohydrate content makes it a valuable source for
starch production. Starch extracted from breadfruit
yields 18.5 g/100 g with a purity of 98.86% and
consists of 27.68% amylose and 72.32% amylopectin
(Fatimah Zuhra et al., 2022). Due to the fruit’s poor
fresh storage quality, converting it into flour and starch
offers a more stable form and enhances its versatility.
Since ancient times, native breadfruit starch has been
used as a raw material for preparing various products
(Alametal., 2024). To expand its applications, several
physical and chemical modifications of breadfruit
starch, such as acetylation, oxidation, HMT (heat
moisture treatment), and fermentation, have been
studied recently (Adebowale et al., 2005). However,
the digestibility of breadfruit starch is rarely reported.
Haydersah et al. (2012) studied the digestibility of
breadfruit starch and found that fermentation can
increase its resistant starch content.

Native starch is not soluble in water and
contains granules whose size, composition,
physicochemical, and functional properties depend on
plant characteristics and environmental conditions.
Native starch from various plant sources generally has
properties that limit its use in different food products.
Improvements in the physical and chemical properties
of native starch can be made, among other ways,
through starch modification (Volkert et al., 2010).
Modified starch is starch whose hydroxyl groups have
been altered through a reaction or by changing its
original structure. Starch is treated with specific
processes to produce better properties, improving its
previous characteristics to meet industrial needs.
Modified starch has properties that native starch does
not, these include higher brightness (whiter starch),
lower retrogradation, lower viscosity, more apparent
gel formation, softer gel texture, lower tensile
strength, starch granules that break more easily, higher
gelatinization time and temperature, and lower time
and temperature for starch granules to break.

Starch modification can be carried out
chemically  through  cross-linking,  oxidation,
etherification, esterification, or substitution, as well as
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through a combination of these methods (dual and
more modification). Modification via esterification is
one of the best starch modifications used.
Modification through esterification can slow the rate
of starch retrogradation, which is caused by the
inhibition of hydrogen bond formation between
amylose and amylopectin molecules by the ester
groups formed. The advantages of starch modified
through esterification include reduced gelatinization
temperature, increased viscosity, higher water-binding
capacity, and a clearer paste. Compared to cross-
linked starch, esterified starch still experiences a
decrease in viscosity during the heating process
(unstable under heating) and is less resistant to acidic
conditions (Zhang et al., 2009; Hamid et al., 2024d).
The esterification method using Succinic Acid catalyst
has been widely discussed to become succinylated
starch. The modification of starch through
succinylation has become a significant area of
research over the past decade. Succinylated starch is
widely recognized as an essential stabilizer due to its
surface-active properties. This type of starch displays
distinctive features, as its hydrophilic regions acquire
hydrophobic traits by introducing octenyl groups,
giving the molecule amphiphilic properties. The
stabilization mechanism of succinylated starch
leverages both the hydrophobic interactions and steric
hindrance provided by the succinyl group.
Succinylated starch can be further utilized in frozen
canned food products and flavor encapsulation
materials (Btaszczak et al., 2007; Hamid et al., 2024c).

Then the research conducted by Sri Haryani
Anwar is the synthesis of breadfruit pat with succinic
acid getting FTIR results that, the peak at 1,720 cm™*
is the C=0 stretch vibration of the ester carbonyl
group, while the peak at 1,560 cm™ is related to the
RCOO- carboxylate stretch vibration (Anwar et al.,
2020a). These results indicate that the hydroxyl group
in starch is substituted with the carbonyl and carboxyl
ester groups of succinic acid. Fourier transform
infrared spectroscopy (FTIR) showed that the starch
modification was successful (Degree of Substitution,
0.0241) (van der Burgt et al., 2000). The novelty of
this research lies in optimizing the preparation of
breadfruit (Artocarpus altilis) based materials through
succinylation chemical reaction utilizing succinic acid
as a catalyst, which has not been widely explored in
the context of natural biomaterial modification
(Rumahorbo et al., 2023). This study specifically
highlights the effect of reaction time and temperature
on the efficiency of the succinylation process, which
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aims to improve the physicochemical and functional
properties of breadfruit starch. With this approach, it
is expected to obtain breadfruit starch derivative
products that have better thermal stability, increased
solubility, and wider applicative potential in the fields
of pharmaceuticals, food, and bioplastics. This
innovation provides a new contribution to the
development of local biomaterials that are
environmentally friendly and have high added value
through controlled chemical modification techniques
(Chabib et al., 2025; Fatimah Zuhra and Ginting, 2013).

Based on the background described above, the
researcher was interested in modifying starch through
a succinylation reaction between breadfruit starch
(Artocarpus altilis) and succinic acid using pyridine as
a catalyst, with variations in time and temperature.
The succinylated starch was tested by analyzing
functional group changes using FT-IR spectroscopy,
morphological analysis using SEM, temperature
change analysis using TGA, and determining the
Degree of Substitution, swelling power, and solubility.
This modification aims to produce starch that meets
industrial needs.

2. METHODOLOGY
2.1 Materials

Breadfruit was taken from Sumatera Utara
Province, Indonesia, and serves as a doping source for
starch (Hamid et al., 2024b). Succinic Acid, Pyridine,
Ethanol, Hydrochloric Acid, Sodium Hydroxide, and
distilled water were bought from Merck in Germany.

2.2 Methods

2.2.1 Isolation of breadfruit starch

First, the breadfruit starch is peeled and the fruit
stalk is removed in isolating breadfruit starch is to peel
and remove the fruit stalk, then wash it until it is free
of dirt and sap. The breadfruit was cut into pieces,
pureed using a blender, and squeezed through a gauze
filter to get the starch. This was left for 24 h until the
starch settled, and then the liquid was washed several
times with water until it was clear. The starch obtained
was dried in an oven at 45°C for 24 h. The sample was
then mashed, sieved, and weighed. Subsequently, it
was analyzed using Fourier Transform Infrared (FT-
IR) spectroscopy and Scanning Electron Microscopy
(SEM) (Hamid et al., 2024a).
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2.2.2 Modification of breadfruit starch with
succinic acid

The following steps were wused in the
preparation of breadfruit starch modification using
succinylation reaction. First, 10 g of breadfruit starch
was suspended in 50 mL of pyridine and put into a 250
mL threeneck flask. Then, it was stirred at 85°C for
two h, and 4 g of succinic acid was added and refluxed
while stirring for 3.5 h at 105°C. Then, it is cooled at
room temperature, washed with distilled water three or
more times until a normal pH (7) is obtained, and
washed with 70% alcohol twice to ensure that
impurities were removed. Then, the starch was dried
at 40°C for 24 h and filtered with a 100 mesh sieve.
The same procedure was carried out for 3 h and 4 h
time variations. Then, it was analyzed by FT-IR
spectroscopy, and the degree of substitution was
calculated. Then, the highest value of the degree of
substitution is carried out the same procedure with
temperature variations of 95°C, 105°C, and 115°C.
Furthermore, it was characterized by FT-IR
spectroscopy, SEM, solubility, and swelling power.

2.2.3 Degree of substitution (DS)

The degree of substitution was determined from
the modified breadfruit starch samples using the
modified titration method. First, 0.5 g of starch
succinate was weighed and placed into an Erlenmeyer
flask. Then, 30 mL of distilled water and 15 mL of
0.5 M NaOH were added. The mixture was heated at
30°C until fully dissolved. After that, two drops of
phenolphthalein (PP) indicator were added, and the
solution was titrated with 0.1 M HCI until it turned
colorless (Zuhra et al.,, 2025). The degree of
substitution was then calculated using Equation (1).

162A
4300—42A

Degree of substitution (DS) = Q)

Where; A=starch content (%).

2.2.4 Fourier
spectrophotometer

Fourier-transform infrared spectroscopy (FTIR)
analysis was performed using a Shimadzu
spectrometer. Spectral visualization and processing
were carried out using Spectragryph software for
optical spectroscopy, version 1.2.13, developed by Dr.
Friedrich Menges (Copyright 2019-2020). All spectra

transform infrared (FTIR)



Zuhra CF et al. / Environment and Natural Resources Journal 2025; 23(5): 448-458

were recorded in the range of 4,000-400 cm™, with an
average of 32 scans and a resolution of 8 cm™ (Nasr et
al., 2020).

2.2.5 Scanning electron microscopy (SEM)

The surface morphologies of the native and
modified starch granules were examined using a
scanning electron microscope (SEM) model Phenom
Pro Desktop SEM and JEOL JSM-1T200. All samples
were carefully mounted on aluminum stubs using
double-sided conductive carbon tape and coated with
a thin layer of gold to enhance electrical conductivity.
The observations were conducted under a high-
vacuum mode at an accelerating voltage of 25 kV.
Morphological features of the starch granules were
captured at a magnification of 5.000 times to allow for
detailed visualization of surface texture, granule
integrity, and any structural alterations resulting from
the modification process (Humaidi et al., 2024).

2.2.6 Thermogravimetric analysis (TGA)

Starch sample thermal decomposition was
determined using a Pyris-1 DSC apparatus
(PerkinEImer DSC 4000, Shelton, USA). Samples
were heated between 30 and 650°C at 10°C/min in an
inert atmosphere of nitrogen flowing at 20 mL/min
(Oderinde et al., 2020).

2.2.7 Determination of swelling power and
solubility

Swelling power and solubility of succinate
starch can be used in the method used to cut (Zuhra et
al., 2020). Starch is suspended with distilled water
(1%, w/v) in a test tube of known weight. Then, it was
heated in a water bath at a temperature of 95°C for 30
min and then cooled to room temperature (£27°C).
The starch suspension was centrifuged at 5.000 rpm
for 15 min to separate the residue and supernatant. The
supernatant (10 mL) is dried to constant weight at a
temperature of 110°C. The residue from obtained from
drying the supernatant shows the amount of starch
dissolved in water (%). The residue and water retained
after centrifugation ware then weighed. The swelling
ability of starch (based on dry weight) was determined
as follows is Equations (2) and (3):

i Weight of past
Swelling of starch = eight of paste

@)

Weight of dry sample

W2 -wi1i

———— x 100%
Weight of starch

Solubility = (3)

451

Where; Wiy=mass of dry test tube + dry starch;
W.,=mass of dry test tube + wet starch.

3. RESULTS AND DISCUSSION
3.1 Mechanism

Succinic starch was obtained from the
succinylation reaction between breadfruit starch and
succinic acid. Succinylation of breadfruit starch was
carried out in stages. While at the stage of dissolving
breadfruit starch with pyridine. This stage aims to
smooth the starch granules so that they can react with
succinic acid. Pyridine also serves as a catalyst that
can activate the hydroxyl group. After reaching a
temperature of 85°C, succinic acid is added, forming a
yellowish gel-shaped starch succinate mixture. The
reaction pathway for the succinylation of breadfruit
starch with succinic acid is depicted in Figure 1.

The result of the succinylation reaction will
product the main product, starch succinate. The gel-
shaped succinic starch mixture was then added with
70% alcohol and distilled water and dried in an oven.
The resulting succinic starch has physical properties of
yellowish color, is lump-shaped, and is more
hydrophilic than natural starch. In the reaction
mechanism of starch succinate formation, secondary C
atoms are substituted by succinic acid because
secondary OH groups, especially C-2 OH groups, are
more reactive than primary OH groups. The reactivity
of OH group C-2 is 60-65%, and OH group C-6 is 15-
20% (Burgt et al., 2000).

3.2 Degree of substitution analysis

In this study, the DS results obtained at various
times include a 3 h period with a value of 0.5159, then
a 3.5 h period with a value of 0.5293, and finally, a
4 h period with a value of 0.4949. Based on the volume
of HCl used in the titration, it can be seen that the value
of the degree of substitution increases in the 3-h and
3.5-h time variations, namely from 0.5159 to 0.5293,
but there is a decrease in the 4-h time variation with a
value of 0.4949. Increase in heating time increased he
solubility and the DS value of the starch. The decrease
in DS value in the 4 h time variation was due to the
hydrolysis reaction that decreased the reaction
efficiency (Bhosale and Singhal, 2006). In the
succinylation process of breadfruit starch, it is known
that the highest reaction efficiency is obtained with a
reaction time of 3.5 h.

In the temperature variation study, the degree of
substitution (DS) obtained at 95°C was 0.4606,
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increased to 0.5293 at 105°C, and slightly decreased
to 0.5201 at 115°C. As shown in Figure 2, the volume
of HCI used during titration indicates a trend
consistent with the DS values: the DS increased with
temperature from 95°C to 105°C, but a slight decline
was observed at 115°C. The initial increase in DS with
rising temperature is attributed to the enhancement in
reaction Kkinetics; higher temperatures increase
molecular motion and collision frequency, thereby
accelerating the succinylation reaction (Chi et al.,
2008). However, at excessively high temperatures,
such as 115°C, partial degradation or structural

OH
~ I N
HO! -+ P

N

Succinic Acid Pyridine

OH

Succinic Acid Pyridine

(o]
H

Figure 1. Reaction mechanism for the formation of modified starch
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disruption of the starch granules may occur, which can
negatively affect the efficiency of the substitution
reaction. Based on these findings, the optimal
succinylation condition was achieved at 105°C, where
the highest DS and reaction efficiency were observed.
When combined with the optimal reaction time of
3.5 h, this temperature condition yielded the most
effective modification of breadfruit starch. High
temperatures cause starch to undergo gelatinization,
leading to the formation of aggregates that hinder the
succinylation reaction and reduce its effectiveness
(Dewi et al., 2022).
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Figure 2. Degree of substitution value of modified breadfruit starch in different durations and the temperature of the reaction.
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3.3 FTIR Analysis

FT-IR spectrophotometer test on breadfruit
starch can be seenin Figure 3, which shows a spectrum
with a peak vibration in the 3,265 cm™ wave number
region, indicating the -OH group. At wave number
2,922 c¢cm?, the absorption shows the C-H alkane
(-CHs) stretching vibration. The absorption at wave
number 1,640 cm™ comes from rocking vibrations of
-OH bound to water molecules contained in starch

500

through hydrogen bonds the absorption band in the
1,334-1,500 cm range shows bending vibrations on
C-H. According to Chen et al. (2019), the area
between 1,340 cm™ to 1,500 cm™ is the absorption area
of rocking vibrations of C-H. The absorption band at
wave number 1,148 cm? shows C-O stretching
vibrations. Wave number 1,148 cm™® shows the
absorption of C-O stretching vibrations bound to the
secondary alcohol hydroxy! group.

—— Breadfruit Starch (BS)
——— succinate starch 3 h 105 °C
succinate starch 3.5 h 105°C

400

300 -

Transmittance (%)

200 _v\f/'/_ﬁ\m\@v\\j‘/\

——— succinate starch 4 h 105°C
succinate starch 3.5 h 95°C
succinate starch 3.5 h 115°C
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Figure 3. FT-IR spectra of isolated breadfruit starch (a), succinate starch 3 h 105°C (b), succinate starch 3.5 h 105°C (c), succinate starch
4 h 105°C (d), succinate starch 95°C 3.5 h (e), succinate starch 115°C 3.5 h (f).

The comparison of spectra between breadfruit
starch (Figure 3) with succinic starch with time
variation (Figure 3) showed a change in wave
absorption bands, namely in the FT-IR spectrum of
succinic starch with time variation showing the C=0
ester group at 3 h wave number 1,692.2 cm* with low
intensity, 3.5 h wave number 1,692.2 cm* with high
intensity, 4 h wave number 1,692.2 cm? with low
intensity. The comparison of the spectrum between
breadfruit starch and succinic starch with temperature
variation, shows a change in the absorption band,
namely in the FT-IR spectrum of succinic starch with
temperature variation showing the C=0 ester group at
95°C wave number 1,692.2 cm? with medium
intensity, at 105°C wave number 1,692.2 cm™ with
high intensity, at 115°C wave number 1,692.2 cm
with medium intensity. The band occurring at 1,572
cm® corresponds to the asymmetric stretching of the
carboxylate RCOO group vibrations that are
characteristic of esterified starch. In addition, the
intensity of the absorption peaks around 1,692 cm*
and 1,572 cm increases as the degree of substitution
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increases, indicating that more OS groups are inserted
into the starch (Hao et al., 2019). The higher intensity
of the FT-IR spectrum indicates the increasing
effectiveness of succinylation and the higher degree of
substitution. In this study, the degree of substitution
increased and decreased according to the intensity of
the FT-IR spectrum.

3.4 Swelling power and solubility analysis

This study examined the swelling power and
solubility of breadfruit starch and succinylated starch,
as shown in Table 1. At the treatment condition of
3.5 h at 115°C, the starch sample exhibited a swelling
power of 9.34% and a solubility of 57.32%. The
increase in starch solubility is attributed to the higher
heating of the starch suspension, which leads to the
depolymerization of starch molecules, particularly
amylose (Ojogbo et al.,, 2020). Depolymerized
amylose consists of shorter and more linear chains that
are more readily soluble in water. As a linear polymer,
amylose naturally tends to dissolve in water, and this
tendency increases when the molecular structure is
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simplified due to thermal degradation. Therefore, the
higher the heating temperature, the greater the extent
of amylose breakdown, resulting in increased
solubility of the starch. On the other hand, the increase
in swelling power is related to a lower amylose content
or a higher proportion of amylopectin in the starch.
Amylopectin is predominantly located in the

Table 1. Results of swelling power and solubility determination

amorphous regions of starch granules. These
amorphous regions are less dense and more porous,
allowing water to penetrate more easily and causing
the granules to swell. Thus, higher heating
temperatures enhance the swelling power of starch by
facilitating water absorption through the amorphous
regions rich in amylopectin (Chen et al., 2020).

Sample Swelling power Solubility Sample Swelling power Solubility
(%) (%) (%) (%)

Breadfruit starch 8.7646 29.80 - - -

3h105°C 8.8730 42.08 3.5h95°C 8.8372 30.88

3.5h105°C 9.0952 49.02 3.5h105°C 9.0952 49.02

4 h105°C 10.5817 59.02 3.5h115°C 9.3449 57.32

Then, both swelling power and solubility of
starch are strongly influenced by the molecular
structure of starch, particularly the interactions
between amylose and amylopectin, as well as the
structural changes induced by thermal treatment.
Succinylation modification alters these intermolecular
hydrogen bonds by introducing bulky succinyl groups,
which disrupt the native compact structure of starch.
As a result, the molecular arrangement becomes more
open and hydrophilic, thereby enhancing the starch’s
ability to absorb water and dissolve more easily. This
structural disruption contributes significantly to the
observed increases in both swelling power and
solubility. The amorphous part is the part that absorbs
water more efficiently. The more amylopectin in
starch, the wider the amorphous area will be, so water
absorption will be more excellent. It is known that
swelling power in starch is influenced by water
absorption. The greater the water absorption, the
increased swelling power (Amari et al., 2021).
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3.5 SEM analysis

SEM analysis was conducted to determine the
modified starch compounds’ morphology. In this
study, SEM tests were carried out for breadfruit starch
and succinate starch, which had the highest DS value,
namely succinate starch with a time variation of 3.5 h
at 105°C. Succinate reactions can change the structure
of starch granules. This can be seen in succinic starch
with a broken granule structure because breadfruit
starch reacts with succinic acid compared to natural
breadfruit starch granules. The granule shape of
breadfruit starch and succinic starch is different at
5.000 times magnification, where the breadfruit starch
granules are more rounded, while the succinic starch
granules are more broken. This shows that adding
succinic acid affects the shape of the starch granules
(Luoetal., 2024). The morphology of breadfruit starch
is shown in Figure 4(a), and the morphology of
succinic starch is shown in Figure 4(b).

Mag= 5.00 KX
WD = 9.0mm
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Figure 4. Morphology of breadfruit starch (a), starch succinate with time variation of 3.5 h at 105°C (b).
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3.6 TGA analysis

Thermal properties describe the changes that
occur during the heating of a starch until gelatinization
occurs. These thermal properties can be analyzed using
Thermogravimetric Analysis (TGA). The TGA pattern
is presented in the form of the onset temperature (TO0),
peak temperature (Tp), and end temperature (Te). It also
shows the changes in mass weight of the starch
molecules that decrease as heat energy is applied. Based
on Figure 5 for sample 0.5 h at 105°C, starch succinate
has an onset temperature of 30°C, a peak temperature
of 400°C, and an end temperature of 700°C. The
decrease in temperature explains that starch succinate
decomposes in three steps. At 150°C, the starch

undergoes 10% decomposition, then decomposes at
400°C, resulting in a significant mass reduction of
82.9%, and finally loses mass at 650°C (94.7%). This
aligns with the findings of Rudnik et al. (2005), which
stated that starch decomposition begins at 150°C under
both atmospheric and inert conditions. This indicates
that the initiation of starch decomposition is non-
oxidative. In addition to glass transition (TG) data, the
DSC analysis includes a Differential Thermal Analysis
(DTA) graph in Figure 5. DTA measures exothermic or
endothermic changes with increasing temperature. The
DTA curve shows an exothermic event, where a sharp
peak appears at 420°C, corresponding to the complete
breakdown of starch succinate (Wang et al., 2024).

100
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Figure 5. TGA graph

The data in the Table 2 shows the relationship
among starch type, processing time, temperature, and
degree of substitution (DS) in previous studies.
Breadfruit starch processed for 2 h at 40°C had a DS
value of 0.0241. Meanwhile, tannia (Xanthosoma
sagittifolium) starch processed for 2 h at a higher
temperature of 150°C had a greater degree of
substitution (DS) of 0.0414. Cassava starch and
Ginkgo starch, processed at a lower temperature
(35°C) for 3 and 8 h respectively, showed smaller DS

Table 2. Research results from previous studies

values of 0.008 and 0.006. Interestingly, Breadfruit
starch in the designed study showed the highest DS
value of 0.5293, which was much greater than the
other samples. This indicates that the optimal
combination of time and temperature can significantly
increase the starch substitution rate. Based on the
comparison of the degree of substitution (DS) value,
the results are not worse than the previous research and
are highly recommended for use in the industry
(Altuna et al., 2018).

Sample Time (h) Temperature (°C)  Degree of substitution Reference
Breadfruit starch 2 40 0.0241 Anwar et al. (2020b)
Tannia (Xanthosoma sagittifolium) starch 2 150 0.0414 Rosida et al. (2020)
Cassava starch 3 35 0.008 Zhang et al. (2017)
Ginkgo starch 8 35 0.006 Zheng et al. (2017)
Corn starch 3 40 0.086 Xie et al. (2024)
Potato starch 3 35 0.21 Chen et al. (2024)
Breadfruit Starch 3.5 105 0.5293 This study
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4. CONCLUSION

This  study  successfully  synthesized
succinylated breadfruit starch through a succinylation
reaction between native breadfruit starch and succinic
acid using pyridine as a catalyst. The optimal reaction
condition was achieved at 3.5 h and 105°C, yielding a
degree of substitution (DS) value of 0.5293. The
resulting modified starch appeared as a fine,
homogeneous powder with a uniform texture. Fourier-
transform infrared (FT-IR) spectroscopy confirmed
the successful modification by detecting the
characteristic ester carbonyl (C=0) absorption band at
1,692 cm™, indicating the formation of succinate ester
groups. The succinylated starch synthesized under
varying reaction times (3, 3.5, and 4 h) and
temperatures (95, 105, and 115°C) exhibited increased
swelling power and solubility compared to native
starch. This enhancement is attributed to the molecular
changes induced by the succinylation reaction and
thermal treatment. Specifically, higher temperatures
facilitate the depolymerization of amylose into shorter
chains that are more soluble, while the increased
proportion of amylopectin in the amorphous regions
promotes greater water absorption and granule
swelling. Thermogravimetric analysis (TGA) revealed
that the starch underwent gelatinization in three
distinct stages, with the most significant mass loss
occurring at 400.6°C, corresponding to an 82.9%
reduction in mass. Scanning Electron Microscopy
(SEM) further demonstrated that succinylation altered
the granule morphology; the starch granules became
fragmented and exhibited surface disruption compared
to the smooth, rounded granules of native breadfruit
starch. These structural changes are consistent with the
observed increases in swelling power and solubility,
which were more pronounced with longer reaction
times and higher temperatures. Overall, the results
indicate that the succinylation reaction under
optimized conditions effectively modifies the duration
and temperature properties of breadfruit starch,
enhancing its potential applicability in various
industrial and food-related applications.
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factors/ Rainfall variability/ rainfall and frequency of rainy days significantly affected chili productivity, with
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factors influencing chili pod productivity, emphasizing the importance of agricultural
planning and adaptation strategies under changing climate conditions. The novelty of this
study was in local-scale seasonal analysis, which used a climate variability index to detect
extreme variability. When combined with multivariate statistical triangulation
(correlation, PCA, and ANOVA), it offered robust evidence for region-specific adaptation
strategies for chili farmers. The results showed the importance of including climate
indicators in agricultural policy planning. Moreover, further studies were recommended
to explore spatial climate trends across broader regions.

HIGHLIGHTS

e Climate data from 2010-2023 is analyzed for chili productivity trends.
e Rainfall and rainy days show a strong correlation with productivity.

e PCA identifies rainfall as the dominant factor influencing chili yield.
e ANOVA confirms rainfall’s significant effect on yield variability.

e Study offers local adaptation insights for climate-sensitive crops.

1. INTRODUCTION (Hajad et al., 2023). The abundant natural resources,

Indonesia is recognized as one of the world’s  tropical climate, year-round sunshine, sufficient water
most agriculture-dominated nations, where the sector  availability, and fertile soils provide highly favorable
serves as a cornerstone of the national economy  conditions for agricultural development (Malihah,
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2022). A significant portion of the population depends
on this sector, where the majority is engaged in
farming activities, making farmers significant
contributors to national food production and rural
livelihoods (Arvianti et al., 2019; Khotimah and
Purnomo, 2018). Fertile soils are among key assets in
Indonesia, advancing the agricultural sector (Pewista
and Harini, 2013; Rondhi et al., 2018).

The availability of natural resources offers
substantial opportunities for cultivating various food
and horticultural crops (Setiyanto and Pasaribu, 2021).
Among these crops, chili pepper (Capsicum frutescens
L.) is a high-value commodity (Pertami et al., 2022).
In addition to the economic importance, chili plays an
essential role in Indonesian cuisine by contributing the
distinctive spiciness and nutritional value (Siebert et
al., 2022; Aprilia et al., 2023). However, the volatility
of chili prices and supply often triggers public as well
as governmental concerns, directly influencing
national inflation and food security (Zelviyani, 2022).

The rising demand for chili production has
driven both land expansion and production
intensification, including through large-scale
agricultural initiatives such as “food estates.” National
development strategies for chili focus on four
objectives, namely ensuring year-round availability,
stabilizing market prices, reducing imports, and
boosting exports (Swastika et al., 2017). Despite these
efforts, chili pepper is highly sensitive to
environmental and climate factors, particularly
temperature, humidity, and precipitation. Moreover,
optimal growth occurs at temperatures between 24-
28°C and humidity levels of 78-88%, with a weekly
water requirement of approximately 2.5 to 3.5 cm
(‘Yahwe and Isnawaty, 2016).

The sensitivity to environmental factors makes
chili pepper vulnerable to climate variability and
extreme weather events, leading to flower drop, crop
failure, as well as high pest and disease outbreaks
(Ayu et al., 2021). Climate change disrupts traditional
agricultural practices by altering planting schedules,
sowing periods, and overall yield as well as quality
(Hidayati and Suryanto, 2015). For chili and other
vegetable crops, intense rainfall causes direct damage,
fostering fungal and bacterial diseases such as
anthracnose, potentially reducing yields by
approximately 50% (Emilia, 2020; Ardhitama et al.,
2025).

Although previous studies have identified key
climate factors influencing agricultural productivity,
the specific seasonal impacts on chili yield remain
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underexplored (Herlina and Prasetyorini, 2020). Due
to the varying climate changes, generalizations
regarding temperature and humidity effects are
insufficient without localized analysis. Therefore, this
study aimed to investigate the impact of seasonal
climate variability on chili pepper (Capsicum
frutescens L.) production in Sleman Regency, Central
Java, Indonesia. The experiment was conducted in
Sleman Regency, Central Java, designated as a
national chili production center under Decree No.
472/Kpts/RC.040/6/2018.

Despite the strategic role, there is limited
understanding of how seasonal climate variability
affects chili productivity in this region. Although
several studies have explored the effect of rainfall on
crop productivity, there is still limited quantitative
analysis of seasonal climate variability using statistical
indices and combined statistical validation at the local
level in high-value horticultural crops like chili. Few
studies have also focused on strategic agricultural
regions like Sleman Regency, where climate risks are
compounded by orographic and monsoonal
influences.

The novelty of this study is in the focus on
seasonal shifts, the application of climate variability
indices, and the use of multivariate statistical analysis
(PCA, ANOVA, and Pearson correlation) to validate
the influence of several factors on productivity. The
results are expected to offer practical adaptation
strategies for local farmers. Additionally, this study
explores the influence of seasonal rainfall and
frequency of rainy days on chili production, providing
locally relevant adaptation recommendations to
enhance agricultural resilience under climate change.

2. METHODOLOGY

This study was conducted in Sleman Regency,
Yogyakarta, located at coordinates 110°18'47" to
110°29'50" E and 7°34'13" to 7°49'57" S from August
to December 2023, using secondary data collected
between 2010-2023. Climate data (rainfall, rainy days,
and temperature) were obtained from the BMKG
Climatology Station, while chili productivity data
were from the Sleman Agriculture Department. A
statistical method was applied to analyze the influence
of weather and climate variability on chili
productivity.

Sleman Regency is located on the southern
slope of Mount Merapi in the Yogyakarta Special
Region, Java Island. This region is characterized by
undulating to mountainous terrain, which contributes
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to the unique rainfall pattern through orographic
influences. Figure 1 shows the administrative
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Figure 1. Map of study location

Secondary data were collected from the Sleman
Geophysics Station under the BMKG Climatology
Station of the Special Region of Yogyakarta. The data
obtained covered rainfall, rainy days, humidity,
temperature, onset and shift of dry season, dry season
rainfall characteristics, and dry season duration for the
2010-2023 period. Data on chili pepper productivity
and harvested region for the same period were
obtained from the Sleman Department of Agriculture,
Food, and Fisheries. The analysis focused on
evaluating the influence of climate factors on chili
productivity in Sleman Regency from 2010 to 2023.
The onset and retreat of the wet and dry seasons were
determined using BMKG’s rainfall-based thresholds,
where the start of the rainy season was defined by a
sequence of five consecutive days with rainfall >50
mm. Seasonal duration was calculated based on
monthly rainfall distribution. These definitions were
consistently applied to ensure objectivity and
transparency in seasonal classification across years.
The stages of data processing in this study comprised,
analysis of climate change variability, which included
calculating climate data as follows:
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boundaries and key topographic features relevant to
the spatial variability of climate.
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Variability = (90p - 10p) / 50p (D)

Climate change variability is found by taking
away the rainfall amount at the 90" percentile from the
10™ percentile value, and then this number is divided
by the value obtained at 50" percentile. (Eldridge and
Beecham, 2017). The values of climate factors in
region are essential indicators of variability
coefficient, as shown in Table 1.

Table 1. Climate variability coefficient

Variability coefficient Category

0-0.50 Low

0.50-0.75 Low to moderate
0.75-1.00 Moderate
1.00-1.25 Moderate to high
1.25-1.50 High

1.50-2.00 Very high

>2.00 Extreme

Source: Eldridge and Beecham (2017)

Conducting chili productivity analysis from
2010 to 2023 in Sleman Regency using the following
calculations:



Nugroho BDA et al. / Environment and Natural Resources Journal 2025; 23(5): 459-468

Productivity = (Production (Kw))/(Harvested area) (2)

In order to see how climate affects chili
productivity, this study checked the connection
between rainfall, temperature, rainy days, when the
dry season starts and ends, and some farming activities
like harvested area. The objective was to find out how
much these weather parts matter for chili production.

Before performing the actual analysis, the data
from 2010 to 2023 was looked at to ensure availability
and followed a normal pattern. If any data was
missing, methods like filling in gaps with straight lines
or using average values from seasons were used to fix
it for everything to be consistent over the 14 years. The
ways to study the data were picked based on usual
practices in climate and farming practices. Pearson
correlation was used to tell whether there was a strong
or weak connection between each climate factor and
how much chili was produced. To check more things
at the same time and facilitate easy understanding,
PCA was used to point out the most important factors.
ANOVA helped to check if differences in rainfall or
rainy days really made a difference in how much chili
was grown.

All the analysis was done in RStudio using
known packages like stats, car, FactoMineR, and
factoextra. PCA was useful in picking out which
weather things had the most effect on changes in
productivity. This methodological framework reflects
current advances in data-driven climate-agriculture
studies, offering valuable insights by integrating
multiple statistical methods for robust interpretation.
The results have the potential to contribute novel
understanding to the field, particularly in the context
of climate variability impacts on horticultural
production in tropical regions.

Climate data on rainfall, temperature, and rainy
days were obtained from the Gamping Climatology
Station, which served as the primary reference for
Sleman Regency. However, this study used
meteorological data from a single climatological
station, which might not fully capture the microclimatic
heterogeneity across this region. The limitation could
affect the generalizability of the results and was
acknowledged in the interpretation of the results.

This study applies a triangulated statistical
method combining correlation, PCA, and ANOVA,
each serving complementary purposes. Pearson
correlation identifies the strength and direction of
bivariate relationships between individual climate
factors and productivity. PCA is used to reduce
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dimensionality and detect the most influential factors
among multiple correlated indicators. ANOVA is
applied to test whether differences in productivity
across climate categories (high vs. low rainfall years)
are statistically significant. These tools enable a
comprehensive and layered interpretation of how
seasonal climate variability affects chili productivity
at local level.

3. RESULTS AND DISCUSSION
3.1 Analysis of chili productivity in Sleman
Regency

The productivity of chili pepper in Sleman
Regency from 2010 to November 2023, measured in
quintals per hectare (g/ha), shows considerable
fluctuation, as presented in Figure 2. The time-series
analysis shows an unstable trend, with productivity
ranging between 22 and 37 g/ha over the 14-year
period. Based on the results, the highest yield was
recorded in 2010, while the lowest occurred in 2022
and 2023, showing the influence of environmental and
climate factors.

The fluctuation in chili production in Sleman
Regency seem to be much because of changes in
climate. One big reason for this is how the El Nifio-
Southern Oscillation (ENSO) affects the rain. During
years with El Nifio, like 2015, 2019, and 2023, it
rained significantly less, and chili yields also dropped.
On the other hand, in La Nifia years such as 2011,
2020, and 2022, there was more rain, which had mixed
results, sometimes helping and affecting crops. This
shows that large climate system like ENSO affects
local rain patterns and can really change how much
chili is grown in the region.

Recent studies indicate that Sleman Regency has
been increasingly affected by climate disturbances
associated with El Nifio and La Nifia events (Siswanto
et al., 2022). During El Nifio years 2015, 2019, and
2023 chili productivity declined markedly, reaching 25
g/ha in 2015, decreasing further to 22 g/ha in both 2019
and 2023. The drop in chili production matches with dry
conditions and hotter weather that usually come with El
Nifio, which makes water harder to get and slows down
photosynthesis, limiting much yield (Aditya et al.,
2021). But in La Nifia years like 2011, 2020, and 2022,
productivity was also affected, rising substantially in
2020. Even though La Nifia represents more rain and
cooler air that can help plants grow better at first, too
much rain is not good for productivity. It can flood the
soil and bring more root problems, which makes the
crops less healthy. A good example is the Triple Dip La
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Nifia from 2020 to 2022, which showed how longer
periods of this kind of weather can be risky (Anggraini
et al., 2022). This shows that climate factors do not

always work the same way and can have complicated
effects on farming.
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Figure 2. Calculation of chili pod productivity in Sleman Regency 2010-2023

3.2 Climate variability analysis

At the Gamping Geophysical Station,
calculations were conducted for each climate factor,
namely rainfall, air temperature, air humidity, and
rainy days. The analysis was conducted to examine the
response to climate factors that occurred between
2010 and 2023. From the calculation results in Table
2, climate variability values indicate that factors
experiencing changes over the 14-year period are

Table 2. Calculated value of climate variability

rainfall as well as the frequency of rainy days. Rainfall
and rainy days have average variability values of 1.84
and 1.18, respectively. Based on the Climate
Variability Index (CVI), rainfall showed very high
variability, while frequency of rainy days had medium
to high variability. In comparison, air temperature and
relative humidity showed low inter-annual changes,
with CVI values below 0.05, indicating minimal
fluctuations during this study.

Year Rainfall Temperature Relative humidity Number of rainfall days
2010 1.30 0.03 0.05 0.45
2011 1.63 0.10 0.25 1.15
2012 1.29 0.05 0.54 1.14
2013 2.32 0.06 0.09 1.10
2014 2.37 0.07 0.12 1.28
2015 1.68 0.08 0.13 1.04
2016 0.92 0.04 0.04 0.51
2017 2.71 0.05 0.07 1.28
2018 2.46 0.10 0.06 1.39
2019 2.66 0.11 0.12 1.39
2020 1.86 0.04 0.10 1.24
2021 1.44 0.03 0.07 1.64
2022 1.15 0.04 0,07 0.97
2023 2.03 0.06 0.09 1.92
rata-rata 1.84 0.06 0.13 1.18

Source: Data Processed 2023

Rainfall intensity, distribution, and frequency of
rainy days in Sleman Regency have been increasingly
influenced by climate change, showing high

463

variability compared to other equatorial regions such
as West Kalimantan (Firdauzi and Suarma, 2023).
Compared to Sleman, which is in the southern
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monsoonal zone of Java with strong orographic
effects, West Kalimantan is situated near the equator
with flatter terrain and more uniform rainfall patterns.
Although rainfall in equatorial climate tends to be
more evenly distributed throughout the year, making
seasonal shifts less pronounced, Sleman shows greater
fluctuation in rainfall distribution. This is due to the
geographical position and topographic complexity,
which amplify the sensitivity of rainfall to seasonal
and climate changes. In equatorial zones, like West
Kalimantan, rainfall variability is generally classified
as medium, with stations showing minor fluctuations
in specific months (Aditya et al., 2021). These regions
typically experience two rainy seasons and a brief dry
season, driven by the sun’s apparent biannual passage
across the equator, causing relatively small
temperature and seasonal amplitude (Liebmann et al.,
2014). In Sleman Regency, the changes between the
wet and dry times are becoming more bigger, showing

that the normal equator rain system is not happening
like before (Azizah and Zaki, 2025; Sundararaj et al.,
2024).

Table 3 is showing the information on the
monthly data like rain, air temperature, humidity,
number of rainy days, when the dry season starts, and
how long the dry season. The data are obtained from
2010 until 2023. The rainfall is changing significantly,
from very small (18.2 mm) to very high (567.3 mm),
which is representing big variations every season and
year. Rainy days are also very different, with numbers
between 3 and 27 days in a month. Meanwhile,
temperature and humidity are not changing much, with
standard numbers being just 1.1°C and 4.3%. The dry
season mostly starts at the end of May and can last
from 2 months to 6 months. This kind of data numbers
is used for helping to look at how much the climate is
changing and the effect on farming and crop growing.

Table 3. Summary statistics of climate and seasonal factors in Sleman Regency (2010-2023)

Factors Mean Min Max Standard deviation Unit Notes
Rainfall 215.8 18.2 567.8 110.4 mm/month Higher values in Nov-Mar
(monthly total) (wet season)
Rainy days 14.1 3 27 5.6 days/month Strong El Nifio years had
(monthly count) lowest values
Temperature 274 24.3 30.9 11 °C Relatively stable throughout
(monthly mean) the year
Relative 83.5 70 94 4.3 % Higher during La Nifia
Humidity periods
Dry season 3 week of April June - Defined per BMKG onset
Onset (average)  May criteria (5 consecutive dry
days)

Dry season 4.2 2 6 1.2 months Shorter in La Nifia, longer
duration in El Nifio years

When comparing, Sleman Regency is rain patterns more complicated, showing that the

considered to be tropical monsoon and also has
orographic rain, which is the reason why the rainfall is
more changing. The wet season has not many rainy
days but many dry ones, which shows the rain is not
spread properly. This is similar to what was found by
Eldridge and Beecham (2017), who stated that places
with mountains and high lands usually get more
changing rain than regions near the sea. Since Sleman
is on the side of Mount Merapi, the rain is affected by
the mountain, where going up in height makes more
rain problems happen.

Rainfall changes are very much affected by
year-to-year climate factors like EI Nifio and La Nifia,
the Indian Ocean Dipole (IOD), and temperature in the
sea near south Java (Izumo et al., 2020; Jun-Ichi et al.,
2012; Pothapakula et al., 2020). These reasons make
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region is more prone to bad climate and needs special
plans to help farming be better prepared.

3.3 Analysis of correlation coefficient values for
climate and seasonal factors

The results of the correlation coefficient
calculations relating productivity with climate and
seasonal factors were computed individually. Table 4
shows the calculation results, indicating that the
influential factors were rainy days and rainfall, with
correlation coefficient values of +0.579 and +0.492,
respectively. Among the 8 climate factors, only 2
showed Pearson correlation coefficients that were
significant, with values exceeding 0.5. This showed a
fairly strong relationship between chili productivity as
well as climate and seasonal factors.
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Table 4. Pearson correlation between climate and seasonal factors on chili productivity

Rainfall  Temperature RH Number rainfall Start Shift Season Duration
days season characteristics
Productivity 0.579" -0.049 0,045  0.492*" 0.083 0.083 0.218 -0.326
Note: *,™ = p value<0.05 was taken to be significant. Source: Data Processed, 2023

Pearson correlation coefficient was calculated
at a significance level of 0.05 to analyze the
relationship between climate variability and chili
productivity. Table 4 shows that the most influential
factors were rainy days and rainfall, with correlation
coefficients of +0.579 and +0.492, respectively. This
showed a positive and fairly strong linear relationship
between these climate factors and chili productivity.
Generally, rainfall plays a key role in providing the
necessary water for chili plant growth, which
significantly impacts productivity, particularly in
regions like Sleman Regency. Seasonal variability,
particularly in rainfall intensity and temporal
distribution, also affects chili productivity (Firdauzi
and Suarma, 2023).

Excessive rainfall can negatively impact chili,
due to high sensitivity to waterlogging. Chili requires
specific water conditions to thrive, and prolonged
rainfall can disrupt this balance, affecting plant
growth. Therefore, chili growers often plant at
seasonal transitions to avoid waterlogged conditions
capable of hindering root respiration and overall plant
health (Jinagool and Arom, 2023). In addition to
rainfall, the onset and duration of dry season also
influence productivity. This study found a weak
correlation (0.218) between the dry season's
characteristics and productivity. There was also a
slightly stronger inverse correlation (0.326) between
the length of the dry season and productivity.
However, the onset and advance of the dry season did
not significantly impact chili productivity.

A study in Malang Regency showed a different
pattern, where the relationship between productivity
as well as rainfall and temperature was weaker, with
air humidity being the most influential factor on chili
productivity (Ridho and Suminarti, 2020). In contrast
to Malang Regency, with lower annual rainfall
variation due to coastal proximity and differing
agroclimatic zoning, Sleman Regency shows more
pronounced dry season extremes. This suggests that
temperature and humidity consistently affect different
regions. For instance, excessive humidity from heavy
rainfall can delay pollination, thereby promoting
fungal growth, pests, and diseases, which negatively
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impact chili productivity (Ferdiyanto and Sujono,
2018). In one study about corn growing in Malang
Regency, the air temperature was found to be the
biggest thing that affected productivity. Rainfall did
not have much effect because the amount of rain every
month was already enough for the corn to get water
(Herlina and Prasetyorini, 2020). This is showing that
different crops need climate factors, because of
variations across regions.

Table 5 summarizes the key statistical results
showing that rainfall and rainy days consistently
become the dominant factors influencing chili
productivity in Sleman Regency. The correlation
coefficients (r=0.579 and 0.492, respectively; p<0.05)
indicate a moderate to strong positive relationship.
These results are further supported by PCA analysis,
where both factors contribute significantly to the
variance in productivity. Additionally, ANOVA
confirmed significant differences in productivity
across different levels of these factors (F=260.75,
p<0.001).

The results from three methods, correlation,
PCA, and ANOVA, all showed that rainfall and rainy
days are very important for chili productivity. Using
these methods helped make the understanding more
sure and matched with other studies in tropical places
where rainfall was mostly the main factor stopping
crops from growing well (Guido et al., 2020; Eldridge
and Beecham, 2017). Although the correlation
coefficients fall within a moderate range (r=0.579 and
0.492), their statistical significance (p<0.05) and
consistent confirmation across multivariate analyses
support their validity. More importantly, these results
emphasize that, among various fluctuating factors,
rainfall both in total volume and temporal distribution
remains the most actionable and policy-relevant
parameter for climate-sensitive crops such as chili.

There is a need to contextualize these findings
in light of spatial variations reported in the literature.
Some studies, particularly those conducted in more
hydrologically stable or lowland regions, have found
that rainfall does not significantly influence
productivity. These differences show variations in
agroecological regions, farming systems, and rainfall
sufficiency thresholds. In comparison, Sleman
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Regency experiences high seasonal rainfall variability =~ outcomes. Therefore, this study shows the importance
due to orographic and monsoonal dynamics, making  of  conducting  localized  climate-productivity
rainfall a far more critical determinant of crop  assessments focusing on regional conditions.

Table 5. Summary of statistical results on climate factors influencing chili productivity in Sleman Regency (2010-2023)

Method Factors Key result Significance

Pearson correlation Rainfall, Rainy Days R=0.579, 0.492 p<0.05

PCA Rainfall, Rainy Days Dominant components Cumulative variance < 80%
ANOVA Rainfall, Rainy Days F=260.75 p<0.001

In line with this study, rainfall and rainy days
are dominant predictors, although other agronomic
factors such as fertilizer application, pest outbreaks,
irrigation management, seed variety, and market
access also contribute significantly to productivity.
These non-climate factors are not included due to data
availability constraints, and their exclusion limits the
comprehensiveness of the analysis. Therefore, future
studies should consider integrating both climate and
non-climate factors in a multivariate framework to
develop a more holistic understanding of the
determinants of chili productivity.

3.4 PCA analyses between climate variability and
productivity

The PCA results for rainfall and rainy days in
Figure 3 show that the total variance value is under
80%, which means it is important. By using PCA on
the data about chili productivity and climate, the main
part of the analysis was found to affect chili farming
the most. These results provided more details about
how much each climate and season factor added to the
changes in chili productivity. Rainfall and rainy days
were the biggest components that had the most effect
on the change in chili pod productivity values.
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Figure 3. Principal component analysis results



Nugroho BDA et al. / Environment and Natural Resources Journal 2025; 23(5): 459-468

The PCA resultsin Figure 3 showed that rainfall
and rainy days were the main factors causing changes
in productivity, with the total variance being less than
80%. To find which factors were most important, the
analysis looked at three things, namely scree plot line,
how much was explained in total, and eigenvalue.
Because rainfall data is very important for how crops
grow, knowing how rain occurs in each area is needed
to help with making choices in farming (Guido et al.,
2020). In some places, rain may not have a big effect
on farming productivity (Aditya et al., 2021).

3.5 ANOVA analysis

ANOVA analysis of climate and seasonal
factors as the main components influencing chili
commodity (Table 4). After PCA results identified
rainfall and rainy days as influential, ANOVA analysis
was performed to observe the relationship between
rainfall, rainy days, and chili productivity. The results
showed that factors related to rainy days and rainfall
significantly affected chili productivity. With a p-
value<0.05, production was significantly impacted by
the significant differences between the two factors, as
shown in Table 6.

Table 6. Results of ANOVA analysis of the relationship between climate factors and productivity

Source of variation SS df MS F p-value F crit
Between groups 42228656 2 21114328 260.7484 2.6828E-23 3.238096
Within groups 3158059 39 80975.86
Total 45386715 41

Note: p-value<0.05 was taken to be significant. Source: Data Processed, 2023

4. CONCLUSION ACKNOWLEDGEMENTS

In conclusion, this study showed that chili
productivity in Sleman Regency was significantly
influenced by climate factors, particularly rainfall and
rainy days. The correlation analysis showed a positive
relationship between these factors and chili
productivity, with coefficients of +0.579 for rainy
days and +0.492 for rainfall, indicating a moderately
strong association. PCA further confirmed that rainfall
and rainy days were the most influential factors
contributing to productivity variability, accounting for
a substantial proportion of the overall variance.
Furthermore, ANOVA analysis supported these
results, showing the significant role of seasonal and
climate factors in determining chili productivity. This
study also showed that changes in climate variability,
particularly in rainfall patterns, had become more
pronounced in recent years, further emphasizing the
impact of climate change on agricultural productivity.
Moreover, future studies should focus on integrating
non-climate variability such as agronomic practices
and socio-economic factors to build a more
comprehensive resilience model. The investigations
should be carried out by exploring spatial climate
patterns and incorporating additional factors to
provide a more comprehensive understanding of the
factors affecting crop productivity in Sleman
Regency.
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The green peafowl (Pavo muticus L., 1766) is endangered globally. This study
evaluates environmental factors shaping its habitat in key Thai strongholds to
identify current habitat suitability and predict future changes under climate
scenarios. Current and projected climate data from 2020 to 2100 were analyzed
under four scenarios of 20 years each: at present, in the near future, mid future
and far future, using species distribution modelling with MaxEnt and SSP2-4.5
to assess potential impacts. The results show that the key green peafowl habitat
factors included elevation, slope, streams, isothermality and annual precipitation.
Mixed deciduous forests were the most critical forest types for the species.
Moderately and highly suitable habitats for the green peafowl covered
approximately 5% of the sanctuary. However, well suitable habitat is projected
to decrease markedly, representing a 21.25% decline. Strict management of these
crucial areas is essential. Moreover, expanding protected areas, networks, and
conservation strategies are vital for addressing challenges arising from rapid
global environmental change.

HIGHLIGHTS

Camera traps captured twenty-nine ground bird species in Huai Kha Khaeng Wildlife Sanctuary. The green peafowl was
the most abundant species. Topography and climate factors strongly influenced green peafowl habitat suitability. The
suitable habitat is projected to decrease markedly representing a 21.25% decline. Conservation efforts must focus on the
key habitats and climate impacts to conserve the species and their stronghold habitat.

1. INTRODUCTION

The green peafowl, Pavo muticus L., 1766, is
native to the tropical and subtropical forests of
Southern and Southeast Asia, including Northeast
India, southern China, Myanmar, Laos, Cambodia,
Thailand, Vietnam and Java (IUCN, 2025). The
species is classified into three subspecies: the Burmese
green peafowl! (P. muticus spicifer), the Indochinese
green peafowl (P. muticus imperator), and the Javan
green peafowl (P. muticus muticus) (Patil and Vijay,

2024). Two subspecies occur in Thailand: the Javan
green peafowl (also known as the Southern green
peafowl), and the Indochinese green peafowl (or
Northern green peafowl). Overall, the green peafowl
is extinct across several countries while surviving in
fragmented, small populations in others (Saridnirun et
al., 2023). Major threats include habitat loss (Kong et
al., 2018) as well as environmental changes (Weiskopf
et al., 2020; Shwe et al., 2021). Thus, environmental
studies are an urgent priority for conservation.

Citation: Prommakul K, Noowong J, Charaspet K, Kaewdee B, Siripattaranukul K, Duengkae P, Simchareon S, Sukmasuang R. Predicting habitat
suitability for the endangered green peafowl (Pavo muticus L., 1766) in Thailand’s Western Stronghold under future climate
scenarios. Environ. Nat. Resour. J. 2025;23(5):469-482. (https://doi.org/10.32526/ennrj/23/20250081)
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Sukumal et al. (2022) identified six green
peafowl strongholds in Southeast Asia: eastern
Cambodia, south-central Vietnam, northeastern
Cambodia, western Thailand, northern Thailand, and
Myanmar’s Bago Yoma range. In Thailand, scattered
populations have been reported in several National
Parks and Wildlife Sanctuaries (Sukumal et al., 2020;
Nasoongnern et al., 2024). The most critical habitat of
green peafowl in Thailand is Huai Kha Khaeng
Wildlife Sanctuary (HKKWS) because there is a large
population of green peafowl living naturally without
overlapping with agricultural areas. (Sukumal et al.,
2017).

In the case of climate factors, climate markedly
influences species’ habitats and distribution patterns
(Odeny et al., 2019). Rising temperatures have raised
concerns about declining bird populations (Bhagarathi
et al., 2024). In recent years, studies have shown that
>20% of bird species face extinction due to climate
change (Pacifici et al., 2017; Yu et al., 2022; Halupka
etal., 2023; Lawer, 2024; Mota et al., 2024; Weinhaupl
and Devenish-Nelson, 2024). Climate also determines
the availability of suitable habitat, making it the most
critical factor in predicting future distribution (Singh et
al., 2021). Understanding and forecasting range shifts
and habitat changes due to climate are essential for
effective conservation management (Holbrook et al.,
2017; Bhasin et al., 2024). Protected areas remain
central to conservation strategies for long-term
biodiversity preservation (Vimal et al., 2021; Williams
etal., 2022). Species distribution models play a key role
in conservation by bridging research and policymaking
(Coreau et al., 2018), offering hope for sustaining bird
populations despite climate challenges (Bernath-
Plaisted et al., 2024).

However, studies predicting habitat ranges at
varying conservation hotspot levels are lacking in
Thailand. Understanding and identifying suitable
habitats are critical for long-term conservation. This
study aims to examine the relationship between the
occurrence of green peafowl and key environmental
factors, including climate, topography, and vegetation
cover, and to assess the suitability of habitat under
these conditions.

This study aimed to investigate the
environmental factors that affected the occurrence of
peafowl in an area that had never been studied before,
despite its significance as a conservation area. MaxEnt
and the SSP2-4.5 scenario were used to predict
changes in peafow! distribution every 20 years from
2020 to 2100 at four intervals. The results of the study
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provided insights into how peafowl habitats have
changed due to climate change. These findings
contributed to a better understanding that could be
applied to develop management guidelines for the
conservation of green peafowls and other ground-
dwelling wildlife in the area, enhancing ecosystem
integrity and future conservation benefits.

2. METHODOLOGY
2.1 Study area
The study was conducted in HKKWS (Figure
1). The area is primarily covered by mixed deciduous
(MDF) and dry evergreen forests (DEF), with patches
of dry deciduous forest (DDF). Elevation in HKKWS
ranges from 200 to 1,600 m, characterized by low-
slope alluvial valleys along major rivers and rugged
hills. The dominant vegetation includes MDF
(48.3%), DEF (24.7%), hill evergreen forest (13.4%),
and DDF (6.9%) (Saisamorn et al., 2024). The
sanctuary is home to threatened species (Charaspet et
al., 2021). Annual temperatures fall within the 8-38°C
range, with mean annual rainfall of 1,375 mm
(Simcharoen et al., 2014).
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Figure 1. Study area and occurrence locations of green peafowl in
HKKWS (646 locations)
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2.2 Data collection

Camera traps were deployed in HKKWS from
November 2017 to March 2019 across 646 locations,
totaling 9,640 trap nights, with green peafowl
photographed at 106 locations. In total, 40 Bushnell
Trophy Cam HD Essential E2 12MP Trail Cameras
were used. The study divided a 1:50,000 geographic
map into 1-km? grid cells, 646 grid cells totally,
placing a camera in each grid, with 15-20 grids
surveyed per field trip. Cameras were spaced at least
500-m apart to ensure independent detections and
reduce the probability of photographing the same
animal with multiple cameras (Charaspet et al., 2019a;
Charaspet et al.,, 2019b; Charaspet et al., 2020).
Deployment locations were selected based on habitat
suitability and the likelihood of green peafowl
presence, especially along the main streams (Sukumal
etal., 2017; Penjor et al., 2021).

Cameras were secured with metal casings and
python locks, mounted on trees at 40-50 cm above
ground level to capture terrestrial bird species, and
positioned 3-4 m from target points or according to site
suitability (Fonturbel et al., 2020). They were set to
hybrid mode (photo and video) with 24-h activation,
three-photo capture per trigger, 10-s video length, and
10-s intervals, operating continuously (Leo et al.,
2024). After each 30-day period, cameras were
relocated.

All photographs were imported into a computer
and organized using Camera Trap Manager (Zaragozi
et al., 2015). Data was transferred to Microsoft Excel
for analysis. Terrestrial bird species in photographs
were identified by common name, scientific name, and
family following IUCN (2025). Only clear
photographs with date and time stamps were used. The
recorded photographs were selected using
independent event criteria according to Choo et al.
(2020) for further abundance calculations. The relative
abundance index was calculated as the number of
independent event detections per one hundred camera-
days or camera-nights (Zhao et al., 2020).

2.3 Species distribution model

Variable selection enhances model accuracy by
reducing multicollinearity and minimizing the number
of required predictors (Yi et al., 2016). The variance
inflation factors (VIFs) of 22 environmental variables
were tested using the “usdm” package in R studio
(Naimi et al., 2014; R Core Team, 2018). VIFs, based
on correlation coefficients (Shrestha, 2022), were used
to eliminate variables with VIFs >5 (Akinwande et al.,
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2015), except for elevation, which is a key predictor of
green peafowl habitat suitability (Chatterjee and Hadi,
2006). Ultimately, 12 variables were selected: percent
tree cover, forest type, elevation, slope, distance to a
stream, distance to a ranger station, mean diurnal
range, isothermality, annual precipitation,
precipitation of driest month, and precipitation of
coldest quarter. These variables were used to model
both present and future habitat scenarios (Abdelaal et
al., 2019). The present model used bioclimatic data
from 1970 to 2020, whereas future models
incorporated projections from the IPSLCM6A-LR
model, one of the best-performing models for
HKKWS (Kamworapan et al., 2021), developed by the
Institut Pierre Simon Laplace, France (Boucher et al.,
2020). Future scenarios were based on Shared
Socioeconomic Pathways (SSP2-4.5), which assume
medium greenhouse gas emission stabilization
(Lovino et al., 2021). All environmental variables
were resampled using the bilinear resampling
technique (Ren et al., 2016), clipped to a 30-arcsecond
(~1 km) resolution in ASCII format, and processed
using R studio. The environmental variables used in
the analysis are listed in Appendix Table 1.

To further minimize multicollinearity among
continuous environmental variables (topographic
variables, land cover variables, anthropogenic
variables and bioclimatic variables) and mitigate
potential model uncertainty or overfitting, a threshold
correlation value of 0.7 was applied (Dormann et al.,
2013). Highly correlated variables were identified and
removed using the “vifcor” function in the “sdm”
package in R (Naimi and Araujo, 2016). The final
variable sets minimized redundancy in modeling green
peafowl habitat suitability (Table 1).

Species distribution modeling was performed
using MaxEnt version 3.4.4 (Phillips et al., 2017). The
model was run with default settings unless otherwise
specified. Specifically, we used the default feature
classes (linear, quadratic, product, and hinge) and the
regularization multiplier was set to the default value of
1.0. These settings help control model complexity and
reduce the risk of overfitting. These choices align with
standard practices commonly adopted in species
distribution modeling literature (e.g., Phillips et al.,
2006; Elith et al., 2011). By using these default
configurations, we ensured that the model was
comparable with a wide range of previous studies and
maintained a balance between model performance and
interpretability.
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Table 1. Predictor bioclimatic variables used after removing highly correlated variables to minimize multicollinearity in species

distribution models.

Label Variable Scaling factor Unit Note

B102 Mean diurnal range 10 °C Two effects are at play: one influencing BIO2 and one
influenced by BIO2. Diurnal range impacts frost
occurrence, whereas maritimity affects BIO2, i.e,
proximity to the ocean increases temperature range.

BIO3 Isothermality 100 % Isothermality is strongly affected by distance from the
equator. In the tropics, temperatures are relatively stable
year-round, whereas at the poles, winters and summers
are distinctly different.

B1012 Annual precipitation 1 mm This variable reflects a region’s aridity and wetness but
represents total annual water availability. If precipitation
varies markedly throughout the year, this may not be the
most suitable variable.

BIO14 Precipitation of driest month 1 mm

B1019 Precipitation of coldest 1 mm

quarter

Models were trained and tested with 10
simulations and a maximum of 500 iterations, using an
initial background dataset of 10,000 units. A sub-
sample approach allocated 75% of the data for training
and 25% for testing. Model results were expressed in
log-log (clog-log) format (Trisurat et al., 2014; Bai et
al., 2018; Mcgarvey et al., 2021; Khan et al., 2022).
The AUC (area under the receiver operating
characteristic curve) values vary from 0 to 1; values
<0.5 indicate that the model performance is worse than
random, 0.5 indicates performance that is not better
than random, 0.5-0.7 indicates poor performance, 0.7-
0.9 indicates reasonable or moderate performance, and
>0.9 indicates high performance (Jiang et al., 2018).
The future habitat suitability model incorporated
projected changes in bioclimatic variables to assess
green peafowl habitat suitability may shift under
different climate conditions (Table 1). The model was
used to identify suitable habitat areas in HKKWS
while accounting for potential environmental changes.

The models were calibrated to produce
suitability scores on a scale from 0 to 1, where 0
indicates the least suitable and 1 the most suitable.
These scores were categorized into four suitability
classes: unsuitable (0.00-0.25), poorly suited (0.25-
0.50), moderately suited (0.50-0.75), and well suited
(0.75-1.00) (Ab Lah et al., 2021; Luo et al., 2025).

3. RESULTS AND DISCUSSION
3.1 Green peafowl abundance

In total, 29 bird species from 18 families were
photographed using camera traps. The most frequently
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captured species was the green peafowl, with 506
images recorded across 9,690 trap nights, representing
5.22% of all recorded terrestrial bird detections. These
images were obtained from 95 of 646 camera
locations. Focusing on species from the pheasant
family (Phasianidae), six species were identified:
green peafowl, red junglefowl, Kkalij pheasant
(Lophura leucomelanos), grey peacock-pheasant
(Polyplectron  bicalcaratum), Siamese fireback
(Lophura diardi), and silver pheasant (Lophura
nycthemera). Collectively, these species accounted for
8.68% RAI of all recorded terrestrial bird detections,
comprising most of the 10.16% RAI of total wildlife
captured (Table 2).

Table 3 summarizes the environmental factors
influencing the habitat suitability of green peafowl in
HKKWS under present (2020) and near-future (2021-
2040), medium-future (2041-2060), and far future
(2081-2100) scenarios. The assessment considered
topographic, bioclimatic, and anthropogenic variables.
On average, topography was the most influential
factor, accounting for 67.50% of green peafowl habitat
suitability based on % relative contribution (%RC),
with elevation (54.52%) being the dominant variable,
followed by slope (12.45%). Bioclimatic variables
also played a role (29.07%), particularly isothermality
(21.55%), annual precipitation (4.82%) and mean
diurnal range (2.35%), while land cover variables
(1.87%), tree cover (0.01%), forest type (1.86%) and
anthropogenic variables (1.65%) were of little
influence on green peafowl.
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Table 2. Ground-dwelling bird species photographed in HKKWS (November 2017-March 2019) using camera traps at 646 locations
(9,690 trap nights), comparing Phasianidae and non-Phasianidae species.

Family/Common name Scientific name NIP RAI LOF Naive occupancy IUCN 2025

Phasianidae

Green peafowl Pavo muticus 506 5.22 95 14.71 EN

Red junglefowl Gallus gallus 327 3.37 123 19.04 LC

Kalij pheasant Lophura leucomelanos 6 0.06 6 0.93 LC

Grey peacock-pheasant Polyplectron bicalcaratum 1 0.01 1 0.15 LC

Siamese fireback Lophura diardi 1 0.01 1 0.15 LC

Silver pheasant Lophura nycthemera 1 0.01 1 0.15 LC

842 8.68 227 35.13

Charadriidae

Red-wattled lapwing Vanellus indicus 73 0.75 7 1.08 LC

Ardeidae

Chinese pond heron Ardeola bacchus 7 0.07 7 1.08 LC

Columbidae

Grey-capped emerald dove Chalcophaps indica 7 0.07 5 0.77 LC

Eastern spotted dove Spilopelia chinensis 7 0.07 6 0.93 LC

Zebra dove Geopelia striata 1 0.01 1 0.15 LC

Strigidae

Brown fish-owl Ketupa zeylonensis 7 0.07 2 0.31 LC

Bucerotidae

Oriental pied hornbill Anthracoceros albirostris 6 0.06 3 0.46 LC

Pittidae

Blue-winged pitta Pitta moluccensis 5 0.05 5 0.77 LC

Blue pitta Hydrornis cyaneus 3 0.03 1 0.15 LC

Corvidae

Red-billed blue magpie Urocissa erythroryncha 5 0.05 5 0.77 LC

Caprimulgidae

Large-tailed nightjar Caprimulgus macrurus 4 0.04 4 0.61 LC

Accipitridae

Crested serpent-eagle Spilornis cheela 3 0.03 3 0.46 LC

Unidentified eagle species - 6 0.06 6 0.93 -

Muscicapidae

White-rumped shama Copsychus malabaricus 2 0.02 2 0.31 LC

Oriental magpie-robin Copsychus saularis 1 0.01 1 0.15 LC

Picidae

Black-headed woodpecker Picus erythropygius 2 0.02 2 0.31 LC

Grey-faced woodpecker Picus canus 1 0.01 1 0.15 LC

Turdidae

Blue rock-thrush Monticola solitarius 1 0.01 1 0.15 LC

Coraciidae

Indian roller Coracias benghalensis 1 0.01 1 0.15 LC

Caprimulgidae

Large-tailed nightjar Caprimulgus macrurus 1 0.01 1 0.15 LC

Alcedinidae

White-throated kingfisher Halcyon smyrnensis 1 0.01 1 0.15 LC

Pycnonotidae

White-throated bulbul Alophoixus flaveolus 1 0.01 1 0.15 LC

Turnicidae

Yellow-legged buttonquail Turnix tanki 1 0.01 1 0.15 LC
Total 988 10.16 294 45.42

Note: NIP: number of independent photographs; RAI: relative abundance index; LOF: location found; IUCN (2025): The International Union for
Conservation of Nature.
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3.2 Factors affecting green peafowl occurrence
All habitat suitability models demonstrated
robust predictive performance, with high mean area
under the curve (AUC) values for present model=0.92;
near-future model=0.91; mid-future=0.91; far-
future=0.91. The overall mean AUC value across all
scenarios was 0.920+0.001, indicating strong model
accuracy. Analysis results showed that environmental
factors influencing green peafowl occurrence were
primarily related to topography, with an average
relative contribution (RC) of 67.50+2.05%. Altitude
above sea level was the primary factor (average
RC=54.52+2.06%), with the average altitude of
green peafowl occurrence being 307.40 m above sea
level. Slope was the second most important
topographic factor (average RC=12.45+0.13%) (Table
4). Climate was the second most influential factor
after topography, contributing an average RC of
29.07+2.12% to habitat suitability. Five key
bioclimatic  variables were identified: mean
diurnal range, isothermality, annual precipitation,
precipitation of the driest month, and precipitation of
the coldest quarter. Temperature consistency
demonstrated the  most  significant  effect
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Percent tree cover (%)

mcurrent ®2040 ®2060 2100 = Average

311
310 A
309
308 1
307 1
306 1
305 1
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303 1
302 -

Elevation (m)

(RC=21.55+2.47%), with a mean temperature
consistency value of 56.00+0.12% across all
scenarios, because the appearance of green peafowl
was a response to temperature levels. Vegetation-
related variables, including percentage tree cover and
forest type (MD), contributed 1.87% to the total RC
that played a minor role in green peafowl occurrence
(Table 3). From examining trends from the present to
2100, the relative influence of environmental factors
on green peafowl occurrence remained largely stable,
except for annual precipitation, which showed a
consistent increase in importance (Figure 2).
Precipitation enhances environmental productivity
and habitat complexity, which directly supports the
ecological requirements of the green peafowl, thereby
increasing their likelihood of presence in such areas.
The changes in the mean values of key environmental
variables across different time periods for green
peafowl habitat are presented in Figure 3. Figure 4
displays the Jackknife test results, which assess the
relative importance of individual environmental
variables in determining green peafowl habitat
suitability, which confirmed climatic and topographic
conditions as the most informative variable.
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Figure 2. Change in the mean values of some key environmental variables across different time periods (2020-2100) for green peafowl

habitat in HKKWS. Error bars indicate standard deviations.
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Figure 2. Change in the mean values of some key environmental variables across different time periods (2020-2100) for green peafowl
habitat in HKKWS. Error bars indicate standard deviations (cont.).
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Figure 4. Jackknife test results assessing the relative importance of individual environmental variables in determining green peafowl
habitat suitability under current conditions which confirmed Isothermality (BIO3, %) as the most informative variable

3.3 Habitat suitability

Results revealed that a highly suitable habitat is
limited to 80 km?, accounting for only 2.22% of the
total area (Table 4 and Figure 5). Future projections
suggest a slight decrease in unsuitable areas, with low-

and medium-suitability areas showing minor
increases. However, the extent of highly suitable
habitat is predicted to remain relatively lower, ranging
from 63 to 80 km?.

Table 4. Present and future habitat suitability for green peafowl in HKKWS.

Habitat suitability Current Near-future Mid-future Far-future Average
(2020) (2021-2040) (2041-2060) (2081-2100)
Unsuited Area (km?) 2,442 2,435 2,446 2,428 2,437.75
% (of HKK) 83.46 83.22 83.60 82.98 83.32
Poorly suited Area (km?) 339 361 341 346 346.75
% (of HKK) 11.59 12.34 11.65 11.83 11.85
Moderately suited Area (km?) 80 65 74 89 77.00
% (of HKK) 2.73 2.22 2.53 3.04 2.63
Well-suited Area (km?) 80 65 65 63 68.25
% (of HKK) 2.22 2.22 222 2.15 2.20
Total area of HKK (km?) 2,926 2,926 2,926 2,926

This study recorded 29 species of ground-
dwelling birds from 18 families using camera traps in
HKKWS, making it the second most diverse site after
Khao Yai National Park, where Kanka et al. (2023)
identified 36 species from 21 families. The pheasant
family was prominent in HKKWS, with six species
recorded. Notably, the occurrence of green peafowl
has increased in the eastern part of HKKWS,
particularly along Huai Thap Salao Stream, a trend
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consistent with the findings of Suwanrat et al. (2015),
who observed higher green peafowl numbers in forest-
edge habitats near human settlements.

In addition to biological factors, especially
food, water, roosting, shelter and nesting site that is
essential to the species (Hernowo, 2017), this study
showed that the key factors affecting green peafowl
presence were topographic variables, followed in
order of influence by climatic, anthropogenic and tree
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cover factors. This contrasts with the findings of
Sukmasuang et al. (2023) who demonstrated that the
distribution of Siamese fireback and red junglefowl in

lowland regions was largely influenced by climatic
factors, with biophysical and topographic factors
playing secondary roles.
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Topographic features, like slopes and terrain,
influence where green peafowl can live and move
around. They use these features to find food, shelter
and avoid predators (Saridnirun et al., 2023). Different
slopes and terrains affect their ability to forage, roost
and care for their young. In essence, green peafowls
adapt their behavior and movement patterns to the
specific topographic conditions of their habitat,
making use of the landscape to meet their daily needs,
indicating that green peafowl prefer habitats with
specific slope characteristics, because they offer a
balance of safety, visibility, food availability, roosting
and nesting sites (Hernowo, 2017). In the case of
anthropogenic variables, there is no evidence of
community habitation in this area, there is only a forest
protection unit, so it has very little influence on the
appearance of the green peafowl (Yan et al., 2021).

Additionally, percent tree cover, annual
precipitation and elevation were key factors
contributing to higher AUC values. Among climatic
factors, isothermality had the strongest influence on
green peafowl occurrence, followed by annual
precipitation, mean diurnal range, precipitation of the
driest month and precipitation of the coldest quarter,
Isothermality represents the ratio of diurnal to annual
temperature variations (O’Donnell and Ignizio, 2012),
with values close to 100 indicating similar day-to-
night and seasonal temperature fluctuations (Lu et al.,
2022). Isothermality has previously been identified as
a major determinant of species distribution (Xie et al.,
2023). Additionally, the mean temperature of the
wettest quarter has been shown to positively influence
green peafowl habitat suitability, whereas the mean
temperature of the driest quarter has a negative impact
(Lawer, 2024). These findings align with those of
Phipps et al. (2017) and Rehman et al. (2024) who
reported isothermality being a key factor influencing
habitat suitability. Given the projected long-term
significance of isothermality (Xie et al., 2023), it
remains a critical variable for future green peafowl
conservation. Similarly, Nameer (2020) noted that
temperature and precipitation seasonality during the
driest quarter play a major role in determining the
distribution of Indian peafowl (Pavo cristatus). The
present findings underscore the need for green
peafowl conservation strategies that prioritize habitats
at specific elevations with stable climatic conditions.

Although highly suitable habitat will continue
to decline, it comprises a small proportion of the total
area, underscoring the challenges in green peafowl
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conservation. These constraints may stem from
climate change which is difficult to control directly.
These findings suggest that habitat conservation and
management efforts should prioritize landscape
characteristics to ensure the long-term survival of
green peafowl in the HKKWS, in addition to linking
with large-scale forest conservation to counter climate
change as essential for the long-term survival of this
endangered species.

4. CONCLUSION

This study identified the green peafowl as the
most recorded ground bird in the sanctuary, with its
presence strongly influenced by topographic and
bioclimatic factors such as elevation and isothermality.
MDF was identified as the most critical factor for green
peafowl survival. Currently, only 5% of HKKWS
(143.25 km?) is classified as moderately to highly
suitable habitat for green peafowl. Future projections
indicate a decline in highly suitable habitat, from 80
km? at present to 63 km?, representing a 21.25%
decrease. This highlights the need for proactive
conservation measures to ensure the long-term survival
of green peafowl in HKKWS; conservation efforts
should focus on protecting key habitats. Managing and
expanding protected areas strategically are key for
conserving green peafowl in the long term and
addressing environmental issues like biodiversity loss,
climate change, and habitat degradation through large-
scale conservation landscapes.
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The proximity of cement factories to residential areas raises concerns about air
pollution and health risks associated with particulate matter (PM) emissions,
particularly PMzs. This study aims to assess environmental health risks and
spatial PM_ s exposure around the cement industry in South Sulawesi, Indonesia.
Methods involved descriptive quantitative techniques, with data collected from
eight sampling locations using purposive sampling, encompassing 160
individuals. Data analysis included intake calculations and risk quotient
assessments. Hazard identification, dose-response analysis, exposure evaluation,
and risk characterization were conducted to assess the health risks of PMys
exposure. Results indicate that PM2s levels in areas near the cement plant often
exceed acceptable safety limits, posing notable health risks, especially among
sensitive populations such as children and the elderly. The spatial analysis
identifies Taraweang and Mangilu Villages as moderately exposed, Mangilu
village is 1.6 km away from the cement factory, while Taraweang village is 1.55
km away, underscoring the necessity for targeted mitigation strategies and

policies to safeguard public health in similar industrial settings.

1. INTRODUCTION

Particulate Matter (PM) refers to airborne
mixtures of fine solid particles and liquid droplets
originating from both anthropogenic and natural
processes. Prolonged and repeated exposure to PM is
associated with numerous adverse health outcomes,
notably affecting respiratory and cardiovascular
functions. PM typically comprises chemical
constituents such as sulfates, nitrates, ammonia,
sodium chloride, black carbon, mineral particles, and
water content (WHO, 2023). In the cement
manufacturing sector, particulate emissions are
considered a major environmental pollutant. These
emissions, primarily in the form of dust, can be
released during almost every operational phase,
including raw material handling, processing, and the
distribution of finished cement products (Fitriyanti
and Fatimura, 2019).

PM_5 is particulate dust with an aerodynamic
diameter of 2.5 um originating from fuel combustion,
vehicle smoke, forest fires, and industry, smaller than
PMyo (<10 pm). PM25 can be inhaled through the nose
or mouth, pass through the respiratory tract, and reach
the lung alveolus because its small size allows it to
escape the body’s natural filtration. These pollutants are
collected with 50% efficiency by PM sampling
collection 2.5 (Liang et al., 2021). PM2s forming
composition consists of sulfates, nitrates, organic
compounds, ammonium compounds, metals, acidic
materials, and other contaminants, which are believed
to harm health.

PM:s refers to fine particulate matter with an
aerodynamic diameter of 2.5 micrometers or less,
which is primarily generated from sources such as
combustion of fossil fuels, motor vehicle emissions,
industrial activities, and biomass burning, and is
significantly smaller in size compared to PMyg
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particles (<10 um). PM2s can be inhaled through the
nose or mouth, pass through the respiratory tract, and
reach the lung alveolus because its small size allows it
to escape the body’s natural filtration.

The generation of PM.s originates from
multiple sources, such as the combustion of biomass
and coal, emissions from motor vehicles and industrial
processes, as well as the resuspension of particulate
dust (Sun et al., 2023). Among the identified sources,
the combustion of solid fuels contributes substantially
to PM.5 emissions, primarily because of its inherently
low thermal efficiency and the high emission rates of
pollutants released during the process (Xu et al., 2019;
Yun et al., 2020). In the cement industry, PMys is
produced by processing raw materials, burning
limestone into cement, packaging, and storage (Regia
etal., 2021).

Rapidly growing industrial activities cause an
increase in energy consumption, which can indirectly

\ Environmental Health Risk
Assesment (EHRA)

ADD (= hari)
w1 wert)

P S himan b

Figure 1. Exposure of PMzs in the cement industry

Airborne particulate matter (PM) can undergo
long-range atmospheric transport via wind and
subsequently deposit on terrestrial or aquatic surfaces
(United States Environmental Protection Agency,
2022). Air humidity also plays a crucial role in
influencing PM behavior, with humid conditions

|

RQ > 1

|
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cause air pollution (Ouyang et al.,, 2022). The
physicochemical characteristics of PMa,s exhibit
considerable variability depending on the emission
source. Combustion of solid fuels is known to generate
PM.s laden with high concentrations of organic
compounds and trace heavy metals. These chemical
constituents can potentiate the cytotoxic potential of
PM:zs by inducing cellular dysfunction and enhancing
oxidative stress upon inhalation and systemic
absorption in the human body (Sun et al., 2023).
Cytotoxicity is defined as the capacity of a substance,
process, or agent to induce toxicity in cells, either by
causing cell death or impairing cellular functions
(Saroyo and Saputri, 2021). Figure 1 explains the flow
or scheme of environmental impacts related to fly ash
exposure to human health and ecosystems, with details
of sources, exposures and impacts. Wind can transport
particulate matter over long distances, leading to its
deposition in soil and water bodies.
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accelerating the deposition of fine particles such as
PM_s (Duppa et al., 2020). Exposure to PM2s poses
substantial public health risks, as it has been
epidemiologically associated with cardiovascular and
respiratory disorders such as myocardial infarction,
arrhythmias, asthma aggravation, reduced pulmonary
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function, and elevated mortality among individuals
with preexisting cardiopulmonary conditions (United
States Environmental Protection Agency, 2022).
Environmental impacts associated with PM include
land degradation, water pollution, solid waste
generation, and dust accumulation. In the cement
industry, PM emissions are particularly influenced by
the use of calcareous materials, primarily derived from
natural limestone (CaCOs). Calcium, which
constitutes nearly 50% of CO: emissions during
clinker production, is a key contributor to air pollution
in this sector (Abubakar et al., 2022).

Global estimates indicate that PM2s exposure
contributes to approximately 5 million premature
deaths annually, with an additional 0.5 million deaths
linked specifically to PM.s pollution exacerbated by
climate change (Lin et al., 2018). According to the
Global Burden of Disease (GBD) study, outdoor air
pollution—primarily from PM.s and ground-level
o0zone—was responsible for an estimated 4.5 million
premature deaths in 2019 (Roser, 2021). The 2020
World Air Quality Report indicates that Indonesia
recorded the highest average PMzs concentration in
Southeast Asia, reaching 40.8 pg/msd, ranking first
among countries in the region (Dwi Safira et al., 2022).

Assessing the environmental health risks
associated with PM_s exposure is critical, particularly
in communities residing near cement industry zones.
Due to its ultrafine size, PM2s is capable of penetrating
deep into the respiratory tract, reaching the alveolar
region, and potentially translocating into the
bloodstream. Consequently, populations in these areas
are at elevated risk for developing cardiopulmonary
diseases linked to prolonged PM s exposure (Chanda et
al., 2024; Wan Mahiyuddin et al., 2023). Research by
Novirsa and Achmadi (2012) analyzed the risk of PM35s
in the PT Semen Padang area. Lifetime risk assessment
results indicate that three zones—Ring 2 (500-1,000
m), Ring 4 (1,500-2,000 m), and Ring 5 (2,000-2,500
m)—exceed the acceptable Risk Quotient (RQ)
threshold of 1, signifying potential health hazards. The
RQ, defined as the ratio between estimated exposure
and a reference concentration, serves as an index for
evaluating the likelihood of adverse effects from
chemical exposure. The analysis suggests that
residential areas located beyond 2.5 km from the
cement industry are considered the safest, with PMzs
concentrations not exceeding 0.028 mg/m3 (Novirsa
and Achmadi, 2012).

Environmental health risk analysis (EHRA) is a
process used to calculate or estimate risks to human
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health now or in the future (Fitra et al., 2022; Kasim et
al., 2023). Analyzing environmental health risks for
people living in cement industrial areas is essential to
understanding the community’s current and future
environmental health risks. In addition, related parties
(government) can create policies and risk mitigation
efforts to reduce disease due to exposure to PMas and
PMao. Apart from carrying out risk analysis, it is also
essential to determine the spatial pattern of people at
risk of exposure to PM2zs and PMyo from the cement
industrial area. GIS is a technology that can store,
manipulate, analyze, and display natural conditions
with the help of attribute and spatial data (Devi MLS,
2020).

PT Semen Tonasa, recognized as the largest
cement manufacturer in Eastern Indonesia, operates on
a 715-hectare site located in Biringere Village, Bungoro
District, Pangkep Regency, approximately 68
kilometers from the city of Makassar. The facility
comprises four production units, each equipped with
key components such as limestone and clay crushers,
raw mills, kilns, coal mills, silos, and packing systems.
Utilizing a dry processing method, Units Il and 111 have
a combined annual production capacity of 590,000 tons,
while Unit IV and Unit V produce 2,300,000 and
2,500,000 tons of cement per year, respectively.

PM_2s emissions in cement factory are generated
through various stages of production, including raw
material crushing, grinding, rotary kiln combustion,
clinker cooling, and final grinding. These fine
particles originate from material dust, fuel
combustion, and the condensation of volatilized
compounds. The level of PM, s emissions is influenced
by the efficiency of emission control systems such as
bag filters and electrostatic precipitators (ESP). The
proximity of the cement plant to residential zones
increases the potential for ambient air pollution and
associated health risks among the surrounding
population due to industrial emissions. Exposure to
PMzs in industrial environments often becomes a
primary concern in public health risk management.

The novelty of this study resides in the
integration of environmental health risk assessment
with geospatial analysis to characterize the spatial
distribution patterns of PM2s exposure in the vicinity
of the PT Semen Tonasa industrial complex. The
implication of this study underscores the importance
of integrating spatial information in environmental
health risk management to identify the most
vulnerable zones to the negative impacts of PMzs
exposure. These findings provide a strong foundation
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for developing more effective mitigation strategies
and environmental protection policies in similar
industrial areas.

2. METHODOLOGY
2.1 Study area

PT Semen Tonasa represents the largest cement
production facility in Eastern Indonesia. Production
Units Il and Il are situated in Mangilu Village,

whereas Unit 1V is located in Biring Ere Village,
Bungoro District, Pangkep Regency, within the
province of South Sulawesi. The activities of the
cement factory include mining exploration activities,
especially blasting and storing coal fuel, factory
operations from Biring Ere to Biringkassi, and
supporting raw materials. Figure 2 illustrates the
sampling points of respondents and research locations
within the PT Semen Tonasa industrial area.
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Figure 2. Sampling location

2.2 Sampling method

This study employs a descriptive quantitative
approach, with observational findings analyzed using
spatial mapping techniques to identify regions with
varying levels of PM.sexposure risk. The samples in
this study are human samples and environmental
samples used to analyze environmental health risks.
The data used in the study all come from primary data.
Sampling was conducted at eight sites surrounding the
PT Semen Tonasa cement industrial area using a
purposive sampling technique. A total of 160 human
subjects, comprising both adults and children, were
included alongside eight environmental sampling
points focused on measuring ambient PMs:s
concentrationsAmbient air samples were obtained
from eight villages in the vicinity of the PT Semen
Tonasa cement industrial complex, specifically
Mangilu, Biring Ere, Sapanang, Samalewa, Bulu
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Cindea, Bowong Cindea, Bontoa, and Taraweang.
One air quality sampling point was selected in each
village to evaluate the ambient air quality in residential
areas near PT Semen Tonasa.

2.3 Environmental health risk assessment

2.3.1 Hazard identification

Hazard identification aims to determine the
concentration of specific hazardous agents that may
pose health risks upon short- or long-term exposure
(Fitra et al., 2022). The risk agents analyzed in this
research are particulate matter (PMas).

2.3.2 Dose-response analysis

The dose-response assessment was conducted
using the Reference Concentration (RfC) for PMzs
established by the United States Environmental
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Protection Agency (US-EPA), which is set at 0.0012
milligrams per kilogram per day (mg/kg/day).

2.3.3 Exposure analysis (exposure assessment)

Exposure analysis is intended to quantify the
exposed population and determine the duration of
exposure to the hazardous agent (Paustenbach et al.,
2024). Exposure to airborne pollutants is quantified by
estimating the intake dose absorbed into the human
body (Regia et al., 2021). Exposure assessment is
conducted by inputting anthropometric parameters
and activity patterns into a standardized computational
formula, typically processed using Microsoft Excel
(Novirsa and Achmadi, 2012).

In this study, the environmental health risk
assessment (EHRA) was carried out through the
following sequential stages:

1) Hazard identification

This stage involves identifying the types of
particulate matter generated from combustion
processes during cement raw material processing that
contribute to ambient air pollution.

2) Dose-response analysis

The dose-response analysis was conducted in
accordance with the Reference Concentration (RfC) for
PM; s established by the U.S. Environmental Protection
Agency (US-EPA), set at 0.0012 mg/kg/day.

3) Exposure analysis

C x InhR x ET x EF x ED
BW x AT

ADD =

Where; ADD=average daily dose (mg/kg/day);
C=concentration of contaminant in air (mg/m3);
InhR=inhalation rate (mhour); ET=exposure time
(hour/day); EF=frequency of exposure (day/year);
ED=duration (year); BW-=body weight (kg);
AT=averaging time (day).

4) Risk characterization

Non-carcinogenic risk characterization was
performed by calculating the ratio of estimated intake
to the reference dose or concentration of the hazardous
agent. The resulting Risk Quotient (RQ) is used to
assess the potential for adverse health effects based on
established non-carcinogenic exposure guidelines.

ADD

RQ= 2

Where;  RQ=risk RfC=
reference concentration.

5) Risk management

Upon completion of the environmental health
risk assessment, if the Risk Quotient (RQ) is found to
be >1, mitigation measures must be initiated. As part
of the risk management process, appropriate strategies
should be implemented, including the establishment of
safe exposure thresholds.

The Environmental Health Risk Analysis by the
US EPA estimates human health risks from ambient air
pollution. The equation for the non-carcinogenic risk
analysis of the inhalation route is shown in Figure 3:

characterization;

Environmental Health Risk Analysis

RFC PM2.5=0.0012
mg/kg/d

i r——

Identify the types of
particulates produced
from burning cement

production

ADD =

Figure 3. Environmental health risk analysis

C % InhR % ET % EF % ED
BW x AT

In risk management, a risk
management strategy is
carried out, which includes
determining safe limits.
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3. RESULTS AND DISCUSSION

The environmental sample in this study consists
of ambient air quality measurements of PMg;s
collected by the researchers at eight locations, with
one air quality monitoring point established in each
village.  Meteorological — parameters—such  as
temperature, relative humidity, and wind speed—were
sourced from the Meteorology, Climatology, and
Geophysics Agency (BMKG) to ensure data reliability
and consistency in representing standardized
environmental conditions throughout the study.

Figure 4 The data illustrate ambient PMys
concentrations along with temperature, humidity, and
wind speed in the vicinity of PT Semen Tonasa,
Pangkajene Islands Regency. The highest PM. s level
was recorded in Bontoa Village at 20.8 pg/ms, while
the lowest was observed in Mangilu Village at 8.3
pg/m3. Two locations exceed the PM concentration
quality standards, s (15 pg/m®), namely Bontoa Village

Temperature (°C)

Min wind speed (m/s)

as much as 20.8 pg/m?®and Samalewa Village by 16.1
ug/m3. The temperature at the eight research locations
ranged from 32.3-36.5°C, humidity from 42.9-64.8%,
and wind speed from 1.1-2.3 (m/s). A high
concentration of PM_s is influenced by temperature,
humidity and wind speed. The higher the temperature,
the higher the PM concentration,s, while the higher
the humidity, the lower the PM concentration;s.
(Keyvani et al., 2020).

High PM_s concentrations in Bontoa Village
are due to the distance from the PT Semen Tonasa
industry which is less than 1 km. People complained
about scattered dust because of the mobilization of
factory production in Biring Ere to Biringkassi. The
elevated PM,s concentration observed in Samalewa
Subdistrict is attributed to heavy traffic conditions,
particularly  from  frequent truck movement
transporting cement, which contributes to the
resuspension of dust particles into the ambient air.
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Figure 4. Ambient air quality parameters, PM2s concentrations and meteorological data in Pangkajene Islands Regency, Indonesia

Meteorological variables such as wind
direction, relative humidity, and temperature
significantly influence ambient PM concentrations.
Wind, in particular, plays a crucial role in the
dispersion and transport of atmospheric pollutants.
Measurement data indicate wind speeds ranging from
1.1 to 2.3 m/s. Prior research suggests that low wind
velocities contribute to pollutant accumulation near
emission sources, whereas higher wind speeds
facilitate the dispersion of contaminants to more
distant locations (Abbasi et al., 2019).
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Figure 5 shows the wind direction for 6 months
around the cement industry, where the dominant wind
direction at the study site is towards the west and
shows the frequency distribution of wind classes,
where most are in the wind class 2.10-3.60 m/s. Wind
serves as a primary driver in the atmospheric
dispersion of pollutants, directing the movement of
particulate matter along its flow. Wind velocity also
determines the rate at which these pollutants are
transported away from their emission sources
(Istigomah et al., 2023).
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Figure 5. Wind rose and frequency distribution of wind classes

Table 1 shows the data indicate that respondents
were aged between 6 and 45 years, with a mean age of
23 years. Body weight ranged from 11 to 92
kilograms, averaging 43 kg. The inhalation rate was
recorded at 0.5 m3/hour for children and 0.83 m3/hour
for adults. Annual exposure frequency varied from
317 to 365 days, with a mean of 358 days/year.

Intake values represent the level of exposure,
and respondent characteristics are analyzed to identify
the specific risk agents present in ambient air within
Pangkajene Islands Regency. The real-time projected
intake (Dt) values—minimum, maximum, and
mean—are summarized in the following Table 2.
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Based on Table 2. ADD intake value real-time
non-carcinogenic PM,s From 160 respondents, the
result was showed that the mean real-time ADD for
adults was 0.0047 mg/kg/day, exceeding that of
children, which was 0.0016 mg/kg/day. For the
lifetime exposure projection of non-carcinogenic
PM2s over a 5-30 year period, children's mean ADD
ranged from 0.0009 to 4.6679 mg/kg/day, higher than
adults whose values ranged from 0.0006 to 4.1989
mg/kg/day. Notably, the projected mean ADD in the
5th year remained below the Reference Concentration
(RfC) for PM2.5 of 0.0012 mg/kg/day, indicating
compliance with safety thresholds at that stage.

Table 1. Characteristics of respondents based on body weight and community activity patterns in Pangkep Regency 2023

Variabel Min Max Mean Total respondents
Age (years) 6 45 23 160

Body Weight (kg) 11 92 43

Inhalation Rate (inhR) (m3%jam) (USEPA, 2022) 0.5 0.83 0.665

Exposure Frequency (EF) (hari/tahun) 317 365 358

Table 2. Min, max and mean values of respondents’ non-carcinogenic ADD for duration of PM exposurez.saround the PT industrial area.

Tonasa Cement Pangkajene Islands District

Duration Time ADD (mg/kg/day)

Min Max Mean Is

Children Mature Children  Mature Children Mature Children Mature
Realtime 0.0005 0.0014 0.0043 0.0132 0.0016 0.0047 TMS TMS
Lifetime
5 0.0004 0.0002 0.0023 0.0015 0.0009 0.0006 MS MS
10 0.0013 1.0150 9.8910 9.8520 2.7194 4.,1989 TMS TMS
15 1.0510 1.0380 7.0390 9.5360 2.7435 2.4284 TMS TMS
20 1.4010 1.0640 9.3850 8.5020 3.6443 2.7060 TMS TMS
25 1.0250 1.0620 9.6480 7.5670 4.2082 3.2630 TMS TMS
30 1.1190 1.2750 9.9270 9.0810 4.6679 3.9157 TMS TMS
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3.1 Risk level characteristics

The Risk Quotient (RQ) serves as an indicator
for assessing non-carcinogenic health risks. An RQ
value exceeding 1 signifies the need for risk
management interventions, whereas values below 1
indicate an acceptable risk level. Nonetheless, RQ
values should consistently be maintained below the
threshold of 1 to ensure continued protection of human
health. The non-carcinogenic risk level is presented in
Table 3 as follows.

Based on the results of Table 3 shows that the
value of the real-time non-carcinogenic risk level or
RQ PMys of 160 respondents (children and adults) is
the average value for adult respondents 3.9845 higher

than children, namely 1.4036, which means that the
average community around the PT. Semen Tonasa
industrial area is at risk of respiratory problems and
decreased lung function in children’s respondents
because the RQ value >1. While the lifetime RQ
projection for years 5-30 for children’s respondents is
0.7631 to 4.5811 and adult respondents are 0.5342 to
3.2630. The projected mean RQ in the 5" year of the
community living around the PT. Semen Tonasa
industry is not at risk because the RQ value is <1,
while the projected average RQ in the 10M-30™ years
increases, meaning that people are at risk of premature
death, especially in people suffering from chronic
heart or lung disease because the RQ value is >1.

Table 3. Min, max and average risk quotient (RQ) PM valuesz s around the Industrial Area PT. Semen Tonasa Regency Pangkajene Islands

Durationtime  RQ (mg/kg/day)

Min Max Average Is

Children Mature Children Mature Children Mature Children Mature
Realtime 0.4260 1.1330 3.6490 11.0000 1.4036 3.9845 Risk Risk
Lifetime
5 0.2600 0.1770 1.8600 1.2610 0.7631 0.5342 No risk No risk
10 0.5840 0.3540 3.9100 2.5220 1.5268 1.0873 Risk Risk
15 0.8760 0.5310 5.8660 3.7830 2.2904 1.6313 Risk Risk
20 1.1680 0.7080 7.8210 5.0450 3.0540 2.1752 Risk Risk
25 9.7770 0.8850 1.4600 6.3060 3.8177 2.7191 Risk Risk
30 1.7520 1.0620 11.7300 7.5670 45811 3.2630 Risk Risk

In developing countries, PM concentration.s
around cement factories is often above exposure
limits, causing an increase in the number and severity
of disease (Kholodov et al., 2020). In addition to air
pollution, the cement industry contributes to various
environmental and societal challenges, including land
degradation, water pollution, and adverse health
effects associated with particulate emissions (Rasmi
and Turkay, 2023). Populations residing in proximity
to cement manufacturing facilities are at risk of
exposure to airborne pollutants emitted during
production processes (Kholodov et al., 2020).

Health risks increase with the duration of
exposure (Palacio et al., 2023). Elevated rates of
illness among children residing near cement
production facilities have been documented even in
developed nations, despite ambient PM concentrations
remaining within established regulatory limits
(Kholodov et al., 2020). Individuals exposed to PM. s
face an elevated risk of developing pulmonary
disorders and impaired cardiovascular function.
Vulnerable populations, such as children and the
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elderly, are particularly susceptible to exacerbated
respiratory symptoms, including airway irritation and
dyspnea (He, 2021).

3.2 Risk management

In the context of Environmental Health Risk
Analysis, risk management involves establishing
protective exposure thresholds by regulating the
duration, frequency, and timing of exposure to ensure
population safety. The primary objective of risk
management is to ensure that individuals or
populations at risk of exposure to hazardous agents
remain protected from associated health effects.
This is achieved by adjusting relevant exposure
parameters to maintain the Risk Quotient (RQ) below
1. The risk management thresholds for PM.s are
detailed in Table 4.

Risk reduction at the research location can be
carried out by implementing scenario three, which
shows that PM2 s exposure times are safe, around 5-7
hours daily obtained from the interview results. If
respondents are exposed to more than the safe limit,
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there will be a risk to their health. This scenario can
apply to research sites; determining the exact timing
of exposure can help identify the health risks
associated with a particular exposure. Reducing
exposure times is an essential preventive strategy in

Table 4. PMzs risk management

environmental health risk management. People can
time their outdoor activities to avoid exposure to high
levels of air pollution. Avoid outdoor activities when
the cement factory operates, or the air conditions are
particularly poor.

PMzs risk management Children Mature
Scenario 1 EDaman (year) 7,2 9,4
Scenario 2 EFaman (days/year) 86,5 112
Scenario 3 ETaman (hours/days) 5,8 75

3.3 Spatial patterns

The following is the distribution of
respondents’ real-time RQ at each research location.

Figure 6 illustrates the risk of PM exposure;s
real-time projection of 5-30 years for respondents
(children and adults) living around the PT Tonasa
Cement industrial area. The study findings indicate
that Samalewa, Sapanang, and Bontoa Villages fall
within the moderate-risk category for PM2 s exposure,
whereas Mangilu, Biring Ere, Taraweang, Bulu
Cindea, and Bowong Cindea Villages are classified as
low-risk areas.

This study shows that communities in
Samalewa, Sapanang, and Bontoa villages are at
moderate risk of environmental and health impacts
due to proximity to the Semen Tonasa plant, including
operational sites and raw material transportation

routes. While the relationship between proximity to
the plant and increased risk is clear, this study provides
guantitative evidence by measuring PMs levels and
documenting health complaints, such as coughing and
shortness of breath in children based on interviews. In
addition, the study also examined whether more
remote villages were affected by cement-containing
winds by analyzing PM2s dispersion patterns and
meteorological data, including wind direction and
speed. The findings show that particulate matter can
disperse beyond the immediate area of the plant under
certain  meteorological conditions, potentially
impacting more remote areas, albeit to a lesser extent.
These results emphasize the broader environmental
and public health implications of plant operations,
particularly regarding the dispersion of airborne
particulates.
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The moderate risk classification for Taraweang
and Mangilu Villages reflects the complex interplay of
factors influencing PM2s concentration, not just
proximity to the cement factory. While the villages are
near the factory, wind direction plays a significant role
in dispersing or concentrating particulate matter, with
specific patterns leading to localized accumulation of
PM.s. Other contributing factors include emissions
from blasting operations, transportation of raw
materials, and dust released during material handling.
Meteorological factors—such as wind velocity,
temperature inversions, and relative humidity—
significantly influence the dispersion dynamics of
particulate matter, while local topographic features
may contribute to the accumulation of pollutants in
specific areas. This multifaceted assessment highlights
that risk levels are shaped by a combination of
environmental and operational influences, rather than
proximity alone.

4, CONCLUSION

Ambient air monitoring around the PT Semen
Tonasa industrial complex in Pangkajene Kepulauan
Regency identified two locations—Bontoa Village
and Samalewa Village—where PM;s concentrations
exceeded the permissible air quality standard of 15
pg/md. The environmental health risk assessment
indicates that residents living in proximity to the PT
Semen Tonasa industrial area are exposed to PMzs
levels resulting in a Risk Quotient (RQ) greater than
1, which means that on average people are at risk of
non-carcinogenic diseases. The spatial pattern shows
that Samalewa, Sapanang, and Bontoa villages are at
moderate risk of PM2s exposure.
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