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Introduction

The dependence on rice (Oryza sativa L.), wheat 
(Triticum aestivum L.), and corn (Zea mays L.) 

crops provides the bulk of the caloric and protein 
intake globally. This heavy reliance on cereal crops, 
the domination of which is caused by dependency 
on specific resources, continues to strengthen food 

vulnerability, predicts the decline of productivity, and 
codifies climate change (Farooq et al., 2023; Saxena et 
al., 2018), degradation of resources, and vulnerability 
of the geopolitics of the global supply change (Fathi et 
al., 2024; Ibba et al., 2025). Therefore, more alternative 
sources of food need to be sought and developed, such 
as the development of UMM - analog rice (Damat et 
al., 2021, 2022; Tain et al., 2023), or healty cookies/

Abstract | In the development of agribusiness, the cultivation of taro (Colocasia esculenta (L.) Schott) in West 
Papua Province is of utmost importance in the development of food consumption and agro-industry raw 
materials, which powerfully highlights the necessity of research. Hence, the present study aims to construct 
a dynamic system model that supports sustainable policy formulation for the taro agribusiness. The method-
ology employed is dynamic system modeling, supported by both primary and secondary data. This research 
produced two main sub-models, namely the upstream agriculture sub-model and the downstream sub-model 
which shows important policy actions, namely the provision of capital assistance, agro-infrastructure de-
velopment, control of land use change, empowerment of extension workers and farmers, provision of price 
subsidies, strengthening primary and secondary distribution, and regulatory modifications that are expected 
to increase taro production, distribution, and consumption. Upstream and downstream integration through a 
dynamic system model enables local authorities to formulate sustainable management strategies in line with 
the Sustainable Development Goals (SDGs), particularly those related to zero hunger (SDG 2), sustainable 
economic growth (SDG 8), and responsible consumption and production (SDG 12). Future research on taro 
should integrate food safety indicators, considering SDG 12 and especially SDG 3, as tuber crops face risks 
of contamination from microplastics and heavy metals.

Anang Triyoso*1,2, Indah Prihartini1, Anas Tain1,  Endang Gunaisah3, and Maryam4

1University of Muhammadiyah Malang, Malang 65144, East Java, Indonesia; 2Muhammadiyah University of Education, 
Sorong 98418, West Papua, Indonesia; 3Sorong Polytechnic of Marine and Fisheries,  Sorong 98413, West Papua, Indonesia; 4The 
Government Sadiq College Women University Bahawalpur, 63100 Bahawalpur, Pakistan.

Received | September 29, 2025; Accepted | November 3, 2025; Published | December 19, 2025	
*Correspondence | Anang Triyoso, Muhammadiyah University of Education, Jl. K.H. Ahmad Dahlan No.1, Sorong 98418, West Papua, 
Indonesia; Email: anangtriyoso@unimudasorong.ac.id 
Citation | Triyoso, A., I. Prihartini, A. Tain,  E. Gunaisah and Maryam. 2025. Dynamic system modeling to support taro’s agribusiness policy. 
Sarhad Journal of Agriculture, 39 (Special issue 1): 270-282.
DOI | https://dx.doi.org/10.17582/journal.sja/2023/39/s1.270.282
Keywords | Agribusiness modelling, Cocoyam, Colocasia esculenta, Food security, Policy intervention, Sustainable development goals .

Copyright:   2025 by the authors. Licensee ResearchersLinks Ltd, England, UK.
This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/).

Dynamic System Modeling to Support Taro’s Agribusiness Policy  

Special Issue: Novel Advances in Agricultural Science and Technology for 
Sustainable Farming in Tropical Region

https://dx.doi.org/10.17582/journal.sja/2023/39/s1.270.282
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
crossmark.crossref.org/dialog/?doi=10.17582/journal.sja/2023/39/s1.270.282&domain=pdf&date_stamp=2008-08-14


July 2023 | Volume 39 | Special Issue 1 | Page 271

Sarhad Journal of Agriculture
bread – gluteen free (Damat et al., 2020, 2023). 
Another alternative is using waste for fungsional food/
feed (Anam et al., 2023; Prihartini et al., 2009, 2021; 
Setyobudi et al., 2023, 2024a; Tonda et al., 2022).

Many alternative food sources are available, among 
others taro (Colocasia esculenta (L.) Schott) – common 
name: Yam, Cocoyam, Dasheen – is seen as a potential 
future alternative. Employment of taro flour and starch 
in the food industry has the potential to address and 
enhance food security in specific geographic ranges, 
especially local communities (Boahemaa et al., 2024; 
Mangallo et al., 2018; Shah et al., 2022). Taro has the 
potential to significantly enhance food diversification 
and sustain global food security in the future (Ndlovu, 
et al., 2025; Tan et al., 2025).

For a long time, Taro has been a vital component in 
the food systems of several people across the globe, 
including West Papua in Indonesia. Taro cultivation 
traces back to the 4th century BC, and though initially 
grown in places such as Micronesia and Cyprus, 
the agriculture of taro spread across Africa and 
into Europe (Fujimoto, 2009; Guzzon et al., 2025). 
As evidenced by the patterns of consumption, its 
importance spans across both Africa and Asia, and 
lately, portions of Brazil have engaged in growing 
commercial importance (Grimaldi et al., 2018; Nunes 
et al., 2012). 

Taro serves as a substitute staple food and comes with 
important socio-cultural significance and economic 
benefits for community members. Taro is also used 
for ceremonial purposes, as medicine, in handicrafts, 
as livestock feed, and as a source of natural fertilizer, 
demonstrating the close relationship between 
traditional case uses of community wisdom (Shah et 
al., 2022; Sharma et al., 2025; Windarsih et al., 2023). 
Taro can support farmers’ incomes, contribute to 
food security for poor households in rural areas, and 
a greater scope would exist through the breeding of 
upper-tuber varieties and sustainable intercropping 
systems (Gerrano et al., 2019; Maretta et al., 2022; 
Otekunrin et al., 2021). Farming with taro is an 
integral part of the culture and livelihoods of the local 
community.

Taro agribusiness faces several bottlenecks despite its 
potential in West Papua. Referring to the facts on the 
ground, there is no detail as to the strategic position 
that taro occupies in the regional food system, its 

availability and distribution status, as well as its 
relationships with production, consumption, and agro-
industrial needs. Weakened marketing infrastructure, 
poor post-harvest handling, and limited access to 
requirements such as financial support have become 
significant constraints, and the same conditions easily 
apply to taro agribusiness development in West Papua 
(Chang, 2011; Giovannucci, 2015; Qange et al., 2024; 
Shiferaw et al., 2012). Few market access points may 
exacerbate the vulnerability of smallholder farmers, a 
situation that may also occur in Papua (Acquah et al., 
2021; Bammite et al., 2018). Institutional weaknesses, 
such as limited technological and legal infrastructure, 
as well as governance challenges, have hampered 
agribusiness development (Borisova et al., 2024; 
Ikuemonisan, 2024; Bannor et al., 2024; Naz, 2015). 
This will also exacerbate the impact of slow adaptation 
to new technological innovations (especially post-
harvest technology) on the generally low welfare and 
food security levels in West Papua (Iyai et al., 2023). 
Moreover, this gap may be exacerbated by the scarcity 
of comprehensive quantitative data and analytical 
approaches that can capture the dynamic interactions 
between social, economic, ecological, and institutional 
factors.

This research is important due to the various 
obstacles to taro agribusiness mentioned above and 
the applicability of dynamic system modelling. This 
modelling approach enables an in-depth analysis 
of the interrelations among the most complex 
interacting variables in taro agribusiness, including 
production, distribution, consumption, government 
policies, and local wisdom on taro management. 
Therefore, dynamic systems would not only explain 
the current occurrence in taro agribusiness but also 
build projections for its future state under any of the 
policies that may be adopted. Therefore, this research 
provides the rationale for developing a dynamic 
model to assess various taro agribusiness policies in 
West Papua Province.

This research is also relevant to tips for achieving the 
Sustainable Development Goals (SDGs). SDG 2, 
in particular, emphasizes SDG 2 (Zero Hunger), 
SDG 8 (Decent Work and Economic Growth), and 
SDG 12 (Responsible Consumption and Production) 
(United Nations, 2025). The findings of this study not 
only support evidence-based decision-making at the 
local level (Government of West Papua Province, 
2018) but also contribute directly to global efforts 
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for sustainable development and circular economy 
improvement (Damat et al., 2024; Tonda et al., 2024).

Materials and Methods 

Study area
The research was carried out in West Papua Province, 
one of the locations with the most significant potential 
for increasing taro production as a government target 
(BKP, 2020). The selection of research locations in 
three districts, namely Maybrat Regency (Coordinates: 
1°17’33”S, 132°22’54”E), Sorong Regency 
(Coordinates: 0°52’46.42”S, 131°15’39.74”E), and 
South Sorong Regency (Coordinates: 1°30’17.6”S, 
132°17’11.6”E), was deliberately determined because 
these areas are known for their taro production.

Data collection
The determination of research subjects or key 
informants is carried out by purposive sampling, 
namely through direct appointment based on the 
consideration that they have a role as influential 
actors in the decision-making process and master and 
understand information relevant to the focus of this 
research. The informants in the study included farmers, 
traders, collectors, and retailers, taro processing 
agroindustry players, and representatives of local 
governments and other relevant stakeholders. The 
determination of additional informants was carried 
out using the snowball sampling method, which is a 
sampling technique that starts with a small number 
of respondents, then develops gradually through 
the recommendations of previous informants, until 
reaching a wider number (Sugiyono, 2014). A total 
of 100 informants, comprising 54 taro farmers, 
12 collectors and retailers, six units of taro processed 
agro-industry, and 28 government agencies in the 
agricultural sector.

Data collection uses primary data obtained through 
in-depth interviews with farmers, agribusiness actors, 
and local governments to obtain data on aspects of 
production, distribution, consumption, and socio-
cultural factors. Next, secondary data were collected 
from official BPS publications, official reports, 
previous research results, and scientific literature 
related to taro commodities.

Model development
The design of this research was carried out using a 
system dynamics modelling approach, which aims 

to understand the relationships between variables 
in complex systems (Bozikov et al., 2018). The 
preparation of the system dynamics model is carried 
out with Studio 10 Academic Powersim software 
(Powersim Software AS, Norway), namely at the stage 
of making a causal diagram, making a flow diagram 
or sub-model diagram (level and rate) of the system 
being studied, the stage of developing the model of 
the system, the stage of testing model assumptions, 
and the simulation stage (Darly et al., 2024; Xu et al., 
2021). For this study, the research results focus on 
the stages of creating causal loop diagrams and flow 
charts or sub-model diagrams (level and rate) of the 
general model structure for taro availability.

Validation in this modelling is carried out by comparing 
the behaviour of the model with the real system, 
namely, with the MAPE (Mean Absolute Percentage 
Error) test. MAPE was chosen because it can provide 
an error measure in the form of percentages, so that 
it is easier to understand and interpret the accuracy 
level of the model (de Myttenaere et al., 2016; Tofallis, 
2015).

Results and Discussion

The research results focus on the stages of creating 
causal loop diagrams and flow diagrams or sub-
model diagrams (level and rate) of the general model 
structure for taro availability. The relationship between 
factors is visualized through a causal loop diagram. 
The model of the causal loop diagram is shown in 
Figure 1.

The causal loop diagram above shows the interaction 
of sub-models between i) the sub-model of the 
upstream agribusiness system - farming business, and 
ii) the sub-model of the downstream agribusiness 
system. The explanation of the cause-and-effect 
relationship in the dynamic system model to support 
the taro agribusiness policy in West Papua is explained 
as follows.

Sub-model of upstream agribusiness – farming
The sub-model of upstream agribusiness–farming is 
used as the main model in the overall dynamic model 
structure. The purpose of the upstream agribusiness 
sub-model– farming is to examine taro production 
in relation to determining the surplus/deficit of 
taro supply in the research area. In the upstream 
agribusiness sub model, factors affecting taro 
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production include the area of planting, changes in 
land function (conversion), harvest area, productivity, 
and local wisdom. 

Figure 1: Causal loop diagram of a dynamic system to 
support taro agribusiness policies in west papua

Figure 1 outlines a sub-model of upstream farming 
for productive and responsive agriculture, based 
on the intersection of local wisdom and traditional 
productivity. It outlines the positive contributions of 
capital, whether in the form of productivity assistance, 
and productivity amplifying investments such as 
equipment, to local wisdom-based cycle patterns and 
boosted local taro culture. It amplifies the role of the 
civilization of agriculture in its local cycle of wisdom 
and adaptive culture variables.

Furthermore, taro production is influenced by the 
harvest area, which is determined by the land area 
and the expansion of the planting area. The land area 
itself is greatly influenced by land conversion, which 
has a negative relationship because it reduces the 
availability of land for agriculture. The expansion of 
the planting area plays a positive role in increasing the 
land area. It is also influenced by the planting cycle, 
which takes into account the rotation and intensity of 
planting based on the season or the local agricultural 
system. On the other hand, extension workers and 
farmers also play a positive role in encouraging the 
sustainability of the planting cycle through capacity 
building and knowledge.

Understanding the complex interactions in the 
sub-model of upstream agribusiness – farming and 
designing an effective development strategy - requires 
a model representation that describes the relationship 
between variables as a whole. Therefore, referring to 
the causal loop diagram (Figure 1) a dynamic model 
can be made of the upstream sub-model of farming as 

shown in the following image.

Figure 2: Stock flow diagram sub-model of upstream 
agribusiness – farming

The Figure 2 is a Stock and Flow Diagram of 
the upstream farming sub-model in the dynamic 
system of taro agribusiness. This model describes the 
interaction between various input factors, such as 
capital assistance, seeds, fertilizers, and equipment, 
that are brought together in the equipment variable 
(facilities and infrastructure). This equipment variable 
plays a key role in increasing taro productivity, 
which ultimately has an impact on taro production. 
In addition, productivity is also influenced by local 
wisdom fractions, which shows the importance of 
local practices and knowledge in the cultivation 
process.

Furthermore, taro productivity and production are 
significantly influenced by the harvest area, which is 
the result of the delay and base productivity processes 
(taro productivity per hectare). The harvest area is 
determined by the planting area, which is formed 
from the balance between the expansion of the 
planting area and the conversion of land use. The 
land area variable acts as a stock, which is influenced 
by two flows: expansion of planting area (positive) 
and land Use Conversion (negative). Each of these 
flows is also influenced by the fractions (expansion 
of planting area fractions and land use conservation 
fractions), which reflect the intensity of land change.

In addition to physical and capital aspects, this 
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model also includes human factors, namely extension 
workers and farmers. The number of extension 
workers and farmers is determined by the rate of 
recruitment (extension worker rate, farmer rate) 
and growth or training (extension worker growth, 
farmer growth), which is also influenced by the 
relevant factions (extension worker fractions, farmer 
fractions). The presence of extension workers and 
farmers is significant in strengthening the capacity of 
human resources to run the farming system. 

Downstream agribusiness sub-model
The variables used in the downstream agribusiness 
sub-model are the need for taro for consumption 
and agro-industrial raw materials. The assumption 
used in this sub-model is the value of the per capita 
taro consumption rate in West Papua Province of 
9.58 kg–1yr–1 capita–1 (BPS, 2022). 

Based on Figure 1, the causal loop diagram of the 
downstream sub-model of the taro agribusiness 
shows the relationships between the variables of 
consumption, distribution, price, agro-industrial raw 
materials, and surplus/deficit. Taro consumption is 
directly influenced by the population and per capita 
consumption. Increased consumption will reduce 
the surplus/deficit, which then has an impact on the 
availability of agro-industrial raw materials.

Agro-industrial raw materials themselves are formed 
from two primary sources: taro distribution and out-
of-region supply. Distribution is affected by surplus/
deficit as well as taro prices, where high prices tend 
to reduce distribution due to reduced purchasing 
power or market preferences. On the other hand, the 
increase in raw materials encourages the fulfillment 
of agro-industrial needs, which is calculated based 
on the number of agro-industries and their needs per 
unit.

When the need for agro-industry increases but 
raw materials decrease due to high consumption or 
limited supply, there will be an imbalance that pushes 
the price of taro up. The price increase can then 
encourage the entry of supply outside the region to 
balance needs, while affecting the redistribution of 
taro to the agro-industrial sector. 

Referring to the causal loop image (Figure 1) a 
dynamic model can be created with a downstream 
sub-model as shown in Figure 3.

Figure 3: Stock flow sub-model of downstream 
agribusiness

The image is a Stock and Flow Diagram (SFD) of 
the Downstream Sub-model in the taro agribusiness 
system. This model depicts the dynamic flow between 
the supply, consumption, and utilization of taro for 
industry, as well as the relationship to population 
growth. On the right side of the diagram, the 
Population stock increases through the Population 
Growth Rate stream, which is influenced by the 
Population Growth and Population Growth 
Fractions. This variable then affects taro consumption 
by multiplying by per capita consumption, forming 
a Taro Consumption stream. On the left side, taro 
consumption will reduce the Surplus/Deficit stock, 
while Taro Production will increase it. In the event 
of a deficit, the system will respond by increasing 
External Supply and increasing Local Distribution 
that enters the agro-industry. This local distribution 
depends on the Taro Price, which is affected by the 
availability of surplus/deficit and is regulated by the 
Local Distribution Faction. The External Supply 
Faction also controls external supply. This model 
shows that the balance between production and 
consumption is essential in maintaining the stability 
of the taro supply for the agro-industry.

In the downstream sector, Agroindustry is a key 
component that is fulfilled by local distribution flows 
and external supply. The number of agro-industries 
is increasing through the Agroindustry Growth 
Rate, which the Agroindustry Faction determines. 
Thus, the growth of the agroindustry sector is highly 
dependent on the stability of taro raw materials, 
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which is influenced by distribution, external supply, 
and consumption. 

Testing using MAPE (Mean Absolute Percentage 
Error) was applied to taro production data, taro 
productivity data, and taro consumption data in 
2020 to 2022, obtaining values of 7.2 % , 1.3 % and 
0.1 %. Based on the accuracy criteria of the MAPE 
value model of the two variables that were tested, the 
calculation results showed that the MAPE value was 
below 10 %, so it can be concluded that the model is 
quite accurate and feasible to use.

This research accomplished the dynamic system 
modeling to assist the taro agribusiness within two 
sub models - the upstream sub model, farming 
business, and the downstream sub model. The 
upstream and downstream sub models are crucial 
to analyze the socio-economic and environmental 
interactions, assist integrated planning of agriculture 
and industry, and enhance the competitiveness of 
agribusiness value chains (Ferreira et al., 2016). Recent 
advances demonstrate the use of dynamic systems 
to drive sustainability in small-scale agribusiness 
through circular economy strategies, which provide 
valuable insights for policymakers and stakeholders 
(Wirjodirdjo et al., 2025).

The causal loop diagram of the upstream sub-
model-farming is very complicated and interlinked, 
signifying the realities of strategic interventions 
within the upstream sector for the sustainable increase 
of taro production. Indeed, this kind of diagram helps 
to illustrate how the system dynamics are manifested 
as interconnected feedback from the interaction of 
agroecosystem structures, management practices, and 
climate factors (Manrique et al., 2020). Systems must 
integrate production inputs (seeds, fertilizers, and 
equipment), institutional support (capital assistance, 
extension workers), and local elements of local wisdom 
and farmers to be managed to optimize productivity 
while maintaining sustainability in the agricultural 
system. Traditional ecological knowledge gives a 
better-adaptive, resilient strategy to agro-ecosystem 
management (Sharma, 2017). Local factors also 
play a critical role by having a significant impact on 
linkages of energy, water, waste, and land concerning 
the sustainability of agricultural products (Pemi et al., 
2024).

The uncharged stock-and-flow diagram, representing 

the upstream farmer sub model, thus describes a 
dynamic flow that makes it possible to recognize 
the points in the intervention policies where capital 
assistance can be augmented, infrastructure provided, 
land-use transfer fully controlled, and the extension 
workers and farmers made even stronger for 
achieving sustainability within the taro agribusiness 
in West Papua. More recent studies also show 
that interventions in governance practices, such as 
agroforestry, reforestation, and farmer education, 
can also be recognized through an SFD-based 
analysis that would be capable of sustaining viable 
agribusiness practices (Alamsyah et al., 2025). In 
linking the SFD model to holistic indicators, especially 
considering short- and long-term benefits of natural 
environmental impacts on farmers’ socio-economic 
sustainability, such an outcome allows tracing forward 
and backward linkages to choose proxy indicators for 
the variables that are complex or difficult to measure 
(Muthuprakash et al., 2017).

The downward Sub-model CLD presents the causal 
loop diagrams through which several variables affect 
one another in the downstream agriculture and 
also provides the policy-simulating opportunities 
like price subsidies, building up of distribution 
networks, or consumption control. CLD was used 
in the coffee agroindustry to amalgamate upstream 
and downstream lineages, notwithstanding the 
accentuation of the importance of production, quality, 
and institutional integration in shaping agribusiness 
sustainability (Santoso et al., 2021).

Furthermore, the Stock and Flow Diagram (SFD) 
model of the downstream sub-model reflects 
the complex relationships between variables and 
provides an overview of how policies on a single 
variable (e.g., distribution or consumption) can 
have a systemic impact on the overall downstream 
model of taro agribusiness. On the other hand, the 
integrated farming system model for agribusiness 
testifies the futuristic utilization of system dynamics 
in the smallholder approach of taro agribusiness, by 
highlighting the connection of production, agro-
industrial activities, and cooperatives (Hakim et al., 
2024).

The upstream and downstream integration of taro 
agribusiness in West Papua through a dynamic 
system model is certainly in line with the strategy to 
achieve the Sustainable Development Goals (SDGs). 
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SDG 2 emphasizes sustainable agriculture, reducing 
food waste, and promoting sustainable consumption 
and production patterns (Ardra et al., 2022; Donato 
et al., 2023; Gil et al., 2019; Kumar et al., 2022). SDG 
8 focuses on decent work and economic growth 
(Babacan, 2025; Boudt et al., 2025; Fu et al., 2024). 
SDG 12 aims to ensure sustainable consumption and 
production patterns (Ardra et al., 2022; Guevara et 
al., 2019; Raman et al., 2024) Therefore, an integrative 
and collaborative approach that connects science, 
policy and community is essential to achieve that 
agenda.

The implementation of this research can be carried 
out through collaboration between taro farmers, 
local governments, and agribusiness institutions to 
evaluate its implementation in real life in West Papua. 
Further research can expand this model by including 
adaptive policy simulations to improve its accuracy 
and scalability in various regions in West Papua. This 
research not only contributes to the development of 
dynamic systems modeling theory, but also serves as 
a practical reference for future research and policy 
formulation in support of the sustainable development 
of taro agribusiness.

Conclusions and Recommendations

This research produced two sub-models, namely the 
upstream sub-model that focuses on agricultural 
activities and the downstream sub-model that 
focuses on consumption and agro-industrial raw 
materials. The model is designed to demonstrate the 
policy intervention points, namely increasing capital 
assistance, providing infrastructure, controlling land 
use diversion, and empowering extension workers 
and farmers. In addition, there are also intervention 
policies such as price subsidies, strengthening 
distribution, or controlling consumption to support 
taro agribusiness policies. Further analysis revealed 
that the integration of the two sub-models allows for 
a holistic evaluation of the relationship between local 
socio-economic, environmental, and cultural factors, 
thus facilitating integrated planning of agricultural 
production and agroindustry. This dynamic model is 
designed to support taro agribusiness policies and help 
local governments develop policies that benefit the 
sustainable consumption of food and agro-industrial 
raw materials, thereby increasing global food security, 
driving economic growth, and ensuring responsible 
consumption in line with the SDGs.

Future research
Future research on taro should include a food 
safety analysis, as this aspect is closely linked to the 
Sustainable Development Goals, particularly Goal 
12 (responsible consumption and production) and 
Goal 3 (good health and well-being). Food crops 
grown in soil have been reported to be contaminated 
with microplastics and heavy metals. This includes 
vegetables or tubers such as carrots - Daucus carota 
subsp. Sativus (Hoffm.) Schübl. & G. Martens (Dong 
et al., 2021), radishes - Raphanus sativus L. (Shorobi 
and Park, 2025), onions - Allium cepa L. (Maity et al., 
2023), garlic - Allium sativum L. (Song et al., 2024), 
sweet potatoes - Ipomoea batatas (L.) Lam. (Shi et al., 
2023), potatoes - Solanum tuberosum L. (Chidewe, 
2025; Qaiser et al., 2025; Setyobudi et al. 2024b, 
2024c, 2025), and cassava - Manihot esculenta Crantz 
(Enyoh et al., 2023). Microplastics, often referred to 
as “emerging pollutants,” are suspected to be harmful 
to living organisms due to their potential to generate 
free radicals (Garfansa et al., 2024; Hermayanti et al. 
2024, 2025).
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