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Seaweed aquaculture plays a vital role in the blue economy, contributing to economic growth, enhanced livelihoods, and
providing ecosystem services such as carbon sequestration and nutrient cycling. However, the industry is hindered by

several challenges, such as limited species diversity, technological gaps, and competition over marine space. This study

aimed to assess the current state, challenges, and prospects of seaweed aquaculture, with a particular emphasis on

Indonesia. A systematic review was conducted in accordance with PRISMA guidelines, focusing on the development of

species diversity, cultivation technologies, and site suitability in Indonesia. The findings reveal that seaweed aquaculture
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in Indonesia is primarily dominated by species like Kappaphycus alvarezii, Gracilaria sp., and Euchema cottonii. This
underscores the necessity for species diversification and the adoption of advanced cultivation technologies. Key areas
identified for future research include the optimization of cultivation techniques, expansion of suitable farming areas, and
the integration of digital technologies and genetic analysis to boost productivity and sustainability. In addition to
technological advancements, socio-economic research on seaweed farming demonstrates its significant contribution to
coastal community livelihoods, offering income opportunities and increased resilience. Furthermore, research on
strategic planning, biosecurity, and supportive policy frameworks is crucial for the sustainable development of the
seaweed aquaculture sector in Indonesia.

Keywords

seaweed farming  PRISMA cultivation technology GIS IMTA  blue economy

1. Introduction

Seaweed aquaculture is crucial for the blue economy as it promotes economic growth, livelihood improvement, and
providing ecosystem services such as carbon sequestration and nutrient cycling . The industry generates billions of
dollars annually and provides employment opportunities, particularly in coastal and remote areas (FAO, 2020). Seaweeds
also help reduce climate change impacts by absorbing carbon dioxide and supporting marine biodiversity (Duarte et al.,
2017). It also contributes to food security by providing nutrient-rich food, animal feed, eco-friendly biofuels, and
bioplastics (Laurens et al., 2020).

Despite the significant potential of seaweed cultivation, various worldwide challenges impede these efforts. The
restricted range of seaweed species currently under cultivation is a significant concern. Currently, only a few species,
such as Eucheuma and Gracilaria, are farmed commercially. This leads to a high dependency on these species and
reduces the potential ecological and economic benefits of diversifying other species (Valderrama et al, 2015).
Diversifying the types of cultivated seaweeds is crucial for enhancing marine ecosystem resilience and providing a
broader range of products in the market.

Technologically, seaweed farming has undergone significant advancements in recent years, enhancing production
efficiency and sustainability. Modern techniques, such as floating rafts and longline systems, have improved the quality
and quantity of seaweeds harvested (Buschmann et al, 2017). Genetics and biotechnology have led to increased
resistance to diseases and weather conditions, thereby improving resilience and productivity (Khan et al., 2023). Digital
technology and the Internet of Things (IoT) have also improved the real-time monitoring of environmental conditions and
seaweed growth (Bachtiar et al., 2022). However, developed countries have access to advanced farming technologies,
whereas developing countries rely on less efficient and sustainable methods, resulting in differences in productivity and
quality (Hafting et al., 2015).

Determining marine space allocation for seaweed farming is complicated by stakeholder conflicts. The complex zoning
process involves fishers, tourism operators, and conservationists (Gentry et al., 2017). Methods for analyzing farming
locations have evolved with technology and multidisciplinary approaches. Geographic Information Systems (GIS) and
remote sensing are prominent, using satellite and drone data to assess environmental parameters crucial for farming
suitability (Thomas et al, 2019) (Ashikur et al., 2021). Ecology-based modeling simulates interactions between
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environmental and biological factors (Gentry et al., 2017). Integrating spatial data with seaweed population dynamics
models aids in efficient and sustainable zoning, reducing conflicts with other sectors like fisheries and tourism (Sanchez-
Jerez et al., 2016).

As an archipelagic nation with a coastal area of 95,181 km?, Indonesia is the world's second-largest seaweed producer
(IBEKA, 2023). Indonesia plans to produce 12 million tons of seaweed by 2024 to improve fishermen's welfare and
mitigate climate change impacts (FAO, 2020; Ministry of Marine and Fisheries of The Republic of Indonesia, 2021).
However, this target faces challenges in species diversity, cultivation techniques, site suitability, and environmental
issues. Achieving this goal requires further research on current and future seaweed farming conditions, considering
global technological advancements.

This study addresses: (a) to what extent the diversity of species, technologies, and methods for determining marine
areas for seaweed cultivation have developed in Indonesia, (b) to what extent the techniques and methods of seaweed
cultivation can be further developed in Indonesia, and (c) to what extent the results of previous research will be beneficial
to Indonesia’s future plans for seaweed culture. A comprehensive understanding of the current landscape and future
prospects is needed to contribute to strategic planning and sustainable development of this vital sector. The objective is
to evaluate the status and potential development of seaweed cultivation in Indonesia through a systematic literature
review, providing insights for the strategic planning and sustainable development of this sector.

2.. Material and methods

2..1 Materials

A systematic review was conducted, focusing on seaweed aquaculture research in Indonesia. The study used Scopus
and Web of Science (WoS) databases to identify relevant articles. Predetermined inclusion criteria and search strings
ensured reproducibility and accuracy. These databases were chosen for their broad coverage across disciplines
(Haddaway et al., 2015), including aquaculture and marine biology (Mongeon & Paul-Hus, 2016), providing a thorough
representation of available literature. Using multiple databases is essential to ensure comprehensive coverage, as each
database may index different journals and publications (Bramer et al., 2017), also minimize bias and ensure a more
comprehensive overview of existing research on seaweed aquaculture in Indonesia.

2.2 Methods

This study utilized a systematic review approach, a review that adhered to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. This protocol, introduced in 2009, provides a 27-item checklist and a
four-phase flow diagram to enhance the transparency and accuracy of systematic reviews (Page et al., 2021). PRISMA
proposes a standardized framework for executing systematic reviews, highlighting essential principles including the
precise formulation of research questions, systematic and exhaustive literature searches, explicit inclusion and exclusion
criteria, and meticulous documentation of the review process to guarantee transparency and reproducibility. PRISMA
was initially developed in the medical field and has gained widespread recognition across multiple disciplines for its
comprehensiveness and ability to improve consistency in reporting (Calderon-Monge & Ribeiro-Soriano, 2024; Chiu et al.,
2023; Pahlevan-Sharif et al., 2019). Its widespread adoption and endorsement by numerous journals and organizations
highlight its effectiveness in addressing the common issue of incomplete reporting in systematic reviews (Page et al.,
2021).
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Prior to initiating the literature search process, a comprehensive search protocol was developed that encompassed the
inclusion criteria and analysis methods. This approach ensured a rigorous and reproducible review process. The PRISMA
methodology was followed in four key phases: identification, screening, eligibility, and inclusion. During the identification
phase, an extensive search of scientific literature was conducted on June 15, 2024, focusing on seaweed aquaculture in
Indonesia. The search aimed to collect all relevant literature published up to May 2024. This comprehensive examination
aimed to provide insights into the current state of seaweed aquaculture research in Indonesia and to identify potential
areas for future investigation.

2.2.1 Literature Search

A literature search was conducted in Scopus and Web of Science (WoS) databases using the boolean string "seaweed
AND aquaculture AND Indonesia." Search results were downloaded in RIS format and consolidated in Mendeley
reference management software. An initial screening process eliminated duplicate entries. The bibliographic information
of unique results, including titles, authors, abstracts, publication years, and journal names, was then exported to a
spreadsheet for further analysis using Microsoft Excel.

2.2.2 Data Collection and Screening

Two reviewers conducted a secondary screening of titles and abstracts to retain publications focused on seaweed
aquaculture in Indonesia. Full-text versions of relevant papers were obtained, with unavailable ones excluded. Both
reviewers independently assessed the full texts for eligibility, with a third reviewer resolving any discrepancies. This dual-
review process aligns with systematic review best practices, enhancing reliability and validity while minimizing bias and
ensuring thoroughness (Kittel et al., 2011; Sutton et al., 2021).

Data on research methodology, seaweed species, study locations, and primary findings were extracted using Microsoft
Excel. Studies conducted outside Indonesia were excluded.

3. Results

3.1. Publication screening

The systematic search in Scopus and Web of Science databases yielded 227 records. After removing 39 duplicates, 188
publications were screened by title and abstract, resulting in 106 exclusions. The 106 papers were excluded because
they focused on topics such as seaweed'’s bioactive compounds, post-harvest processing, or non-seaweed aquaculture.
Studies conducted in other countries like India or Malaysia, without any connection to Indonesia, were also excluded.
However, we retained multinational studies in our review if Indonesia was one of the research locations. Four more
papers were omitted due to inaccessible full-text PDFs. Upon conducting a detailed full-text analysis, we removed an
additional five papers because they did not focus on seaweed aquaculture as their main research topic. The final sample
comprised 73 articles meeting all inclusion criteria (Fig. 1).

Fig. 2 shows the temporal distribution of seaweed aquaculture research publications in Indonesia from 2006 to 2024.
The field emerged in 2006, with a notable increase in review articles from 2014 onwards. 2021 and 2022 saw a decline in
publications, likely due to the COVID-19 pandemic restricting field research. However, 2023 has shown signs of recovery
in research activities. This analysis provides insights into the field's evolution and current state in Indonesia.
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Fig 1. PRISMA flow diagram showing the literature collection and selection process for the systematic review
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Fig 2. Distributions of articles included in the systematic review (2006—2024)

The publication types for seaweed aquaculture research in Indonesia predominantly comprise journal articles, which
account for 65.75% (n=48) of the total publications. International conference proceedings represent 32.88% (n=24),
highlighting their role as a secondary platform for disseminating research findings. In contrast, book chapters are
notably underrepresented, with only one publication (1.37%) identified. This distribution reflects researchers' strong
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preference for peer-reviewed journal articles as the primary medium for communicating their findings, while conferences
serve as an important alternative for presenting emerging research.

Nine articles were published in the AACL Bioflux journal, while Biodiversity, Ocean and Coastal Management, Journal of
Applied Phycology, and Aquaculture Reports each published two articles. The remaining 31 articles appeared in various
other journals. Additionally, 21 out of 24 proceedings were published in the I0P Conference Series: Earth and
Environmental Science, with four from the 2nd International Symposium on Marine Science and Fisheries (ISMF2) - 2019,
and 17 from other conferences or seminars.

3.2 Data Source for seaweed aquaculture research in Indonesia

In scientific studies, data sources significantly influence the reliability and validity of conclusions. Data can be primary
(original, first-hand) or secondary (preexisting, gathered for different purposes).

Of 76 papers analyzed, 51 used primary data (70%), 12 used secondary data (16%), and 10 used both (Fig. 3). Secondary
data in seaweed research falls into three categories: policies and regulations (Kambey et al., 2020; Mantri et al., 2023);
statistical or production data (Oktopura et al., 2020; Rimmer et al., 2021; Sondak et al., 2017a); and data from research
articles, conference proceedings, literature reviews, and geospatial sources (Andréfouét et al., 2018; Du et al.,, 2023;
Kunzmann et al., 2023; Ulfiasari et al., 2020).

Data sources
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Fig 3. Data sources

The primary data consisted of experiments (laboratory experiments or field experiments), observations (direct
observation or participant observation), surveys (questionnaires, interviews, online surveys), field studies, and focus
group discussions. The largest type of primary data was field experiments/observations, with a total of 31 papers (Fig.
4). Eight papers used laboratory experiment data, 12 used survey data types, and at least a combination of field
experiments/observations and FGD/questionnaires/interviews.
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Almost all studies that use survey data can be obtained through direct interviews with relevant stakeholders or by filling
out questionnaires (Andréfouét et al., 2021; Asian et al., 2015; Darma et al., 2018; Dominguez-May et al., 2017; Geo et al.,
2020; Irfan et al., 2020; Nuryadi et al., 2023; Soejarwo et al., 2018; Sulistiawati et al., 2020; Teniwut et al., 2020; Zamroni
et al., 2019). Only one study used telephonic interviews (Langford et al., 2021), due to the current COVID-19 outbreak.

Data sources from laboratory experiments were divided into two categories: first, samples from the field were taken to
the laboratory for testing and second, the research was conducted entirely in the laboratory. (Lumbessy, 2019)
conducted laboratory experiments to determine the effect of using cultivation media on body weight gain and survival of
the seaweed Gracilaria salicornia in semi-sterile cultivation. Several research using data from field samples taken to the
laboratory (Arbit et al., 2019; Harwinda et al., 2018; Lim et al., 2014; Prasedya et al., 2023; Rahman et al., 2020; Wenno et
al., 2015). Meanwhile, data sourced from field experiments or observations are used to analyze the suitability (Adibrata
et al., 2023; Aris et al.,, 2020; lhsan et al., 2020; Rejeki et al., 2018; Rintaka & Berlianty, 2023; Syam et al., 2020;
Syamsuddin et al., 2023; Yulianto et al., 2017), growth, productivity and production of seaweed (Aslan et al., 2021; Aslin
et al.,, 2019; Hajar et al., 2020; Hasanah et al., 2020; Kasim & Mustafa, 2017; Marcelien et al., 2019; Nurdin et al., 2023;
Nursidi et al., 2017; Parenrengi et al., 2020; Rejeki et al., 2016; Satriani et al., 2023; Sukiman et al., 2014; Syamsuddin &
Azis, 2019; Wahyuningtyas et al., 2020; Wijayanto et al., 2020), as well as the content of certain ingredients in seaweed
(Fakhraini et al., 2019; Komariyah et al., 2019; Lim et al., 2014; Mashoreng et al., 2019; Wenno et al., 2015; Yasir et al.,
2021) and seaweed extracts as biofilters or as growth agent (Indarjani & Nurhayati, 2022; Mulyani et al., 2020; Rahman et
al., 2020; Shimoda et al., 2006; Widowati et al., 2021; Windarto et al., 2024).
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Fig 4. Types of primary data collection

3.2 Data analysis used in seaweed culture research

Various data analysis methods have been applied to optimize the development of seaweed cultivation research, with the
majority being statistical analysis, followed by geospatial and environmental analysis, socio-economic analysis,
innovative farming and technology development, media growth, genetic analysis, and others (Fig. 5).
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Fig 5. Percentage of types of analysis in research papers addressing seaweed farming

3.2.1 Statistical Analysis

Statistical analysis is crucial in seaweed cultivation research for optimizing growth conditions, evaluating interacting
factors, guiding data-driven decisions, and validating results. About 24.17% of reviewed studies used statistical methods
to analyze seaweed growth and environmental interactions (Fig. 5). Notably, 13.7% combined ANOVA with other
methods, such as BNJ test for biomass production (Sukiman et al., 2014), Tukey HSD for growth analysis
(Hidayatulbaroroh et al., 2018), and Duncan's post-hoc test for cultivation comparisons (Rejeki et al., 2018).

6.8% performed descriptive statistical analysis (Fig. 5), used for identifying optimal regions for the seaweed industry
(Pari et al., 2024), managing ice-ice disease (Tokan, 2016), analyzing seasonal production (Irfan et al., 2020), and daily
growth rates (Parenrengi et al., 2020). Comparative analysis of aquaculture commodities used methods like Revealed
Comparative Analysis (RCA), symmetric comparative analysis (RSCA), Index of Trading Specialization (ISP), and
Constant Market Share Analysis (CMSA) (Oktopura et al., 2020). Some studies emphasized cooperative-based
management in seaweed cultivation (Nuryadi et al., 2023).

3.2.2 Geospatial and Environmental Suitability Analysis

Geospatial and environmental suitability analysis is vital for optimizing aquaculture, particularly seaweed farming. By
integrating various physical (Aris et al., 2020) and water quality parameters (lhsan et al., 2020), researchers can identify
optimal areas for sustainable seaweed aquaculture. GIS-based and remote sensing methods are commonly employed,
representing 15.1% of the methods used, with GIS accounting for 10.9% and remote sensing 4.2% (Fig. 5). Suitability
matrices (Syamsuddin et al., 2023) can be developed using the Analytical Hierarchy Process (AHP) (Soejarwo et al.,
2018; Wibowo et al., 2023), expert justifications (Adibrata et al., 2023), or decision-making models like TOPSIS and Multi-
Criteria Evaluation (MCE) (Rintaka & Berlianty, 2023). Geostatistical models (Yulianto et al., 2017) and scoring and
weighting techniques are commonly used for seaweed aquaculture analysis. Remote sensing and image processing
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assess coastal waters, either alone (Mualam et al., 2022; Nurdin et al., 2023) or in combination with GIS (Ulfiasari et al.,
2020). The integration of GIS, remote sensing, and decision-making models facilitates comprehensive aquaculture
management, ensuring sustainable and productive practices.

3.2.3 Socio-Economic Aspects of Seaweed Cultivation

Seaweed farming significantly impacts coastal communities' socioeconomic status, as shown in 14.5% of the reviewed
studies. Various methods were used, including interviews combined with secondary data on farmers' income levels (Geo
& Ariani, 2020), and economic and biophysical feasibility studies using water quality and economic indicators (Raja et al.,
2021). Some researchers employed structured and semi-structured questionnaires and interviews (Zamroni et al., 2019),
while others measured financial feasibility using R/C Ratio (Darma et al., 2018). Studies also analyzed environmental,
social, and economic dynamics (Langford, 2023), conducted descriptive analysis of financial viability (Rimmer et al.,
2021), and used survey methods with statistical analysis of household demographics and farming practices (Asian et al.,
2015). Bioeconomic modeling was utilized to determine optimal harvesting time and assess risks (Dominguez-May et al.,
2017). These diverse approaches assessed the socio-economic impacts of seaweed farming on coastal communities.

3.2.4 Commercial Cultivation and Innovations in Seaweed Farming

12.97% of the significant commercials and innovations in seaweed farming techniques across different regions has been
reviewed in this study. The technique may conduct deep-water farming using hanging long lines, multiple rafts, and
spider webs (Hurtado et al., 2014); improved fishing gear such as gill nets, bamboo traps, and fyke nets in seaweed
culture areas (Hajar et al., 2020); seaweed seed spacing and substrate depth (Mulyani et al., 2020); straight-slipped
grafting of tissue-cultured and local strains (Aslan et al., 2021); the Kaizen approach using long line, grouping, and
charcoal pocket methods (Hasanah et al., 2020); and longline cultivation and plantation depths (25, 50, 75, and 100 cm)
(Wahyuningtyas et al., 2020).

Meanwhile, the concept of Integrated Multi-Trophic aquaculture (IMTA) has been explored to enhance the sustainability
of aquaculture practices, which covers 6.5% of the method analysis (Kunzmann et al., 2023; Rejeki et al., 2016). The
study identified that in Indonesia, owing to very long coastlines and complicated legislation, IMTA seems to be
particularly suitable, as successfully tested in model regions.

3.2.5 Media growth and genetic analysis

Research on seaweed media growth and genetics has revealed various approaches and findings in recent years. We
reviewed studies highlighting cultivation methods and genetic analyses to enhance seaweed production and quality.
6.4% focused on growth media, including off-bottom bagged and non-mesh bag methods (Irfan et al., 2023); culture
media (Wijayanto et al., 2020); natural plant growth regulators like coconut water, shallots, maize, moringa leaves, mung
bean sprouts (Windarto et al., 2024); and seaweed extract-derived bio stimulants, particularly Ascophyllum Marine Plant
Extract Powder (Hurtado et al., 2024). Another 6.4% focused on genetic analysis. Satriani et al. (2023) analyzed
Kappaphycus alvarezii genetic makeup and cultivation performance using molecular markers and DNA sequencing; (Arbit
et al., 2019) examined Gracilaria sp. genetic characteristics with mitochondrial gene barcoding; (Marcelien et al., 2019)
studied seedling types' effects on Kappaphycus alvarezii growth and carrageenan content; (Lim et al., 2014) explored
Kappaphycus and Eucheuma genetic diversity using mitochondrial-encoded markers; and (Asian et al., 2015) selected
tissue-cultured and local strains for intra-generic grafting.

a 2212-6821 © 2024 Institution for Marine and Island Cultures, Mokpo National University.
= 10.21463/jmic.2024.13.3.08 — https://jmic.online/issues/v13n3/8/ 144



Journal of Marine and Island Cultures, v13n3 — Sutrisno et al.

3.2.6 Risk Management in Seaweed Supply Chains & Biosecurity

Only 3.18% of analytical methods addressed risk management and supply chain issues in the seaweed industry.
(Teniwut et al., 2020) tackled asymmetric information and supply chain risks using the House of Risk approach,
employing HOR 1 and HOR 2 to map processes and identify mitigation strategies. They also used the Analytic Hierarchy
Process with a fuzzy approach to prioritize actions. Another 3.18% focused on biosecurity practices for seaweed
cultivation policies and guidelines. (Kambey et al.,, 2020) analyzed biosecurity frameworks in Indonesian seaweed
aquaculture, highlighting challenges like disease outbreaks and limited policy enforcement. (Mantri et al., 2023)
assessed integrated biosecurity approaches, emphasizing regulatory guidelines, disease and pest outbreak notifications,
and risk assessments for sustainable development.

3.2.7 Carbon Sequestration Potential

The study on carbon sequestration consists of 4.83% of the articles. This study was conducted by (Fakhraini et al., 2019;
Mashoreng et al., 2019; Sondak et al., 2017a). Mashoreng et al. used the oxygen exchange method to measure carbon
sequestration capacity, while Sondak et al. explored the potential of seaweed aquaculture beds (SABs) in the Asia-Pacific
region to mitigate anthropogenic CO2 emissions.

3.2.8 Impact of Heavy Metals on Seaweed

3.18% of the literature review collectively highlights the critical need for regular assessment and management of heavy
metal contamination in seaweed cultivation, as this has direct implications for environmental health and food safety.
(Komariyah et al., 2019) investigated the accumulation of lead (Pb) in Eucheuma cottonii seaweed, using descriptive
method and Mann Whitney U test and (Yasir et al., 2021) examined the metal content in Gracilaria changii across
different cultivation locations The study utilized statistical analysis and spectrophotometry to measure concentrations of
copper, cadmium, and lead.

3.2.9 Disease Management in Seaweed Cultivation

3.18% of these reviews highlighted the importance of diverse strategies in disease management. For example, (Bast,
2014) used extracts from Avicennia marina, which exhibited antimicrobial properties against bacteria that cause ice-ice
disease. (Tuhumury et al., 2024) conducted bacterial isolation, purification, and biochemical tests to identify four
pathogenic bacteria (Vibrio alginolyticus, Vibrio fluvalis, Vibrio cholerae, and Aeromonas caviae) as causative agents of
ice-ice disease in Eucheuma cottonii.

3.3 Seaweed types

Recent research has shown significant interest in various seaweed species, emphasizing their ecological, economic, and
health benefits. Kappaphycus alvarezii is the most studied, with 36 papers highlighting its commercial value, particularly
in carrageenan production for food and pharmaceutical industries (McHugh, 2003). Studies have explored seaweeds'
interactions with diverse marine organisms, underscoring their role in supporting marine ecosystems and potential in
aquaculture. In Indonesia, efforts focus on optimizing cultivation techniques to improve yield and quality, recognizing the
country's marine biodiversity and seaweed's importance in the local economy (Sujatmiko et al., 2024).

Gracilaria sp. and Euchema cottonii follow in second and third, with 22 and 14 studies respectively. Gracilaria sp. is a key
agar source used in food and microbiological culture media, while Euchema cottonii is an important carrageenan source.
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Indonesian research has explored their commercial applications and environmental benefits, such as bioremediation to
absorb excess nutrients from marine waters (Jagtap & Meena, 2022; Wei et al.,, 2017). These studies emphasize
sustainable practices, integration of seaweed farming with other aquaculture systems, enhancement of local livelihoods,
and environmental conservation.

Less studied species like Caulerpa, Eucheuma denticulatum, and Sargassum have gained attention, with fewer
publications. Research has explored their unique bioactive compounds and applications in food, cosmetics, and
pharmaceuticals. Recent Indonesian studies highlighted Caulerpa's antioxidant and antimicrobial properties, focusing on
health benefits (Wirawan et al., 2022). Sargassum species have been investigated for polysaccharides and
pharmaceutical potential. The diverse research topics, from specific seaweed species to their interactions with marine
organisms, reflect growing interest in using these resources for ecological and economic benefits (Smit, 2004).
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Fig 6. The diversity of seagrass species that were studied

3.4 Research sites of seaweed farming in Indonesia

This section examines the distribution of research sites where seaweed farming studies have been conducted in
Indonesia (Fig. 7). In Figure 7, panel (a) shows the research year, panel (b) depicts species distribution and composition
percentages, and panel (c) displays the number of studies per province. A total of 99 research locations were identified
from 73 research titles, with the majority of studies focusing on South Sulawesi and Southeast Sulawesi, which together
accounted for 36 sites (Fig. 7a).

Regarding species composition, studies frequently focused on Kappaphycus sp., which was the dominant species in
multiple research sites. In 2020, six studies explicitly examined Kappaphycus sp., while other research remained more
general in scope, addressing seaweed farming without specific emphasis on species diversity.

Most of the seaweed research occurred in South Sulawesi and Southeast Sulawesi, representing 26% and 10% of the
total sites, respectively (Fig. 7c). In other provinces, an average of three researchers were active in each. Overall, 23 out
of Indonesia’s 38 provinces were identified as locations for seaweed aquaculture research.
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4. Discussion

The Indonesian government is focusing on downstream processing of seaweed to enhance its utility and capability in the
food industry. Programs include quality seeds, satellite mapping, simplified licensing, research on seaweed quality,
socioeconomic preparation, processing improvement, and market generation (Indonesia’s Coordinating Ministry for
Maritime Affairs and Investment, 2024).

4.1 The potential for cultivating various types of seaweed in Indonesia

Indonesia is the largest producer of the seaweed species (Fig. 6) such as Kappaphycus, Eucheuma, and Gracilaria
(Perryman et al., 2017) which mainly used for carrageenan and agar. However, underutilized species like Caulerpa sp., E.
denticulatum, and Sargassum sp. have potential in the food and cosmetic industries (Litaay et al., 2022; Nurjanah et al.,
2016; Nurjanah et al., 2018). Caulerpa from the Kei Islands has antioxidant properties (Nurjanah et al., 2016), while
Sargassum and Eucheuma serve as organic fertilizers rich in minerals and growth regulators that enhance crop
production (Basmal, 2009). These species hold great promise for further development in cosmetics, food, and organic

fertilizers.

For merit cultivation, methods may vary by species, but such as Kappaphycus, Eucheuma, and Gracilaria, use single-step
vegetative propagation (Prasad Behera et al., 2022). These species are well-suited to Indonesia’s tropical waters and
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climatic conditions, making them key candidates for sustainable seaweed farming expansion. Researchers in East
Malaysia are working to develop wild seaweed for cultivation. Out of 212 types of Kappaphycus spp. and Eucheuma
denticulatum, only 72 survived (Yahya et al., 2024). Similar research is needed in Indonesia to enhance the genetic
diversity of seaweed, making it more resistant to pests, diseases, and environmental changes. Post-harvest handling is
crucial for quality, influenced by species handling, production scale, and infrastructure (Entee, 2015; Zhu et al., 2021).

4.2 The potential for developing seaweed farming areas in Indonesia

Out of 12 million hectares of potential cultivation area in Indonesia, only 102 thousand hectares (0.8%) are currently used
(UNIC, 2024). The Indonesian government should focus on expanding seaweed cultivation in suitable regions to meet
growing global demand. Understanding the biophysical conditions of cultivation sites is key to preventing farming
failures and ensuring high-quality yields. E. cottoni thrives in substrates characterized by sandy bottoms mixed with coral
rubble (long-dead coral fragments). The ideal water currents are 20-40 cm/sec at depths of 2-15 meters. Optimal
salinity ranges from 28 to 35 ppt, and water temperatures should remain between 20-28°C with a maximum daily
fluctuation of 4°C (Ministry of Marine and Fisheries of The Republic of Indonesia, 2005).

Determining suitable seaweed cultivation sites often requires significant resources, but remote sensing and GIS offer
efficient solutions for large-scale, periodic monitoring. Studies have used GIS and spatial analysis to evaluate coastal
areas' suitability for aquaculture. Syamsuddin et al. (2023) and Mualam et al. (2022) identified optimal areas around
Karampuang Island and Bau-Bau for sustainable farming. Other research highlighted environmental factors and water
quality in site selection, as seen in Soejarwo et al. (2018) and Syam et al. (2020) studies. While Lampung Bay was found
unsuitable for seaweed, Yulianto et al. (2017) offered insights for improvements. Ulfiasari et al. (2020) demonstrated
LiDAR use for identifying potential areas, and Nurdin et al. (2023) applied UAV imagery for precision management of
Kappaphycus alvarezii. These studies emphasize GIS and spatial analysis's role in optimizing sustainable aquaculture
practices.

According to the review, most seaweed culture research in Indonesia is concentrated in South Sulawesi (26%) and
Southeast Sulawesi (10%) (Fig. 7c). However, seaweed production is spread across 23 provinces (BPS, 2021). In 2020,
the top five producing provinces were South Sulawesi, East Nusa Tenggara, North Kalimantan, Central Sulawesi, and
West Nusa Tenggara. South Sulawesi led with 1.63 million tons of wet seaweed.

To boost seaweed production in Indonesia, expansion should target regions with low current output, such as Sumatra,
Kalimantan, and Moluccas. Assessing the availability of infrastructure, such as transportation and processing facilities,
is essential for efficient production and distribution (Neish, 2013). Equally important are social and cultural factors, as
community acceptance and participation are crucial for sustainable development (Rimmer et al., 2021). By focusing on
these underutilized areas and adopting a holistic approach to site selection and development, Indonesia can significantly
increase its seaweed production and strengthen its global market presence.

4.3 Seaweed cultivation techniques

Seaweed farming innovations have improved productivity and sustainability. Advances include deep-water farming for
Kappaphycus and Eucheuma, optimal nata de seaweed processing (Hurtado et al., 2014; Wenno et al., 2015), and
integrated farming to boost income and reduce environmental impacts (Hajar et al, 2020; Mulyani et al., 2020).
Techniques like grafting, strain selection (Aslan et al., 2021; Parenrengi et al., 2020), and strategies such as the Kaizen
approach and varying planting depths have been explored (Hasanah et al., 2020; Wahyuningtyas et al., 2020). Farming
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methods like floating rafts, nets, and cages show benefits (Kasim & Mustafa, 2017; Mohiuddin et al., 2023; Prasad
Behera et al., 2022). Studies demonstrate net-bag, floating cages, and off-bottom nets are effective for specific
seaweeds, but more research is needed to determine the best approach for each species.

Seaweed cultivation offers various methods, but key challenges must be addressed for consistent yields and optimal
benefits. The main issue is adopting economically viable and sustainable methods while ensuring productivity, especially
on a large scale (Mendes et al., 2022). Key steps in seaweed farming include site selection, choosing a cultivation
method, maintenance, harvesting, and drying, with site selection being the most crucial step, as it must be carefully
tailored to specific conditions (Kim et al., 2017).

Seaweed farming uses monoculture and polyculture methods, with the latter increasingly adopting multitrophic sea
farming or IMTA, growing popular in Indonesia. Monocultures are easier to manage but often cause environmental
degradation. IMTA, though requiring complex management and higher initial investment, offers a more sustainable
option by integrating species from different trophic levels. This integration allows waste from one species to benefit
another, reducing pollution and stabilizing the ecosystem (Nobre et al., 2010).

IMTA has been shown to improve sustainability and environmental management. Studies have demonstrated its benefits
in reducing coastal erosion, optimizing water quality, enhancing growth rates in degraded ponds (Rejeki et al., 2016;
Shimoda et al., 2006; Widowati et al., 2019), mitigating ice-ice disease (Nainggolan et al., 2022), and managing organic
waste and bacterial populations (Anggorowati & Munandar, 2022). Research further indicates that integrating species
such as seaweed with fish or mollusks in IMTA systems increases productivity and environmental stability compared
with monoculture (Aliah, 2016; Sukiman et al., 2014).

Challenges in IMTA implementation include species compatibility, infrastructure needs, and insufficient regulatory
support. Kunzmann et al. (2023) highlight broader issues like pollutants, emerging diseases, and lack of technology and
skilled manpower in Indonesia. Future research should focus on optimizing IMTA designs, assessing economic
feasibility, exploring value-added product markets, enhancing technological capabilities, and developing supportive
policies to maximize IMTA's potential for sustainable aquaculture in Indonesia.

4.4 The potential of media growth and genetic analysis for future seaweed culture development

Genetic studies have greatly improved seaweed farming by enhancing growth rates and identifying superior cultivars.
Researchers have focused on using natural growth enhancers like PGRs and bio-stimulants from seaweed extracts to
boost growth, yield, and quality (Hurtado et al., 2024; Windarto et al., 2024). Molecular marker studies have identified
superior Kappaphycus alvarezii cultivars (Lim et al., 2014; Satriani et al., 2023) and seedlings from thallus extracts have
shown higher growth and carrageenan content (Marcelien et al., 2019). Specific nutrient media and spreading techniques
have also been highlighted to enhance productivity (Hidayatulbaroroh et al., 2018; Wijayanto et al., 2020). Additionally,
genetic and phytochemical research has uncovered potential uses for Gracilaria in functional foods and cosmetics (Arbit
et al., 2019; Prasedya et al., 2023), underscoring the role of genetics in optimizing seaweed farming.

Like many other countries, Indonesia has successfully developed tissue culture technology for seaweed cultivation.
Future cultivation efforts need to consider the genetic diversity and population structure of seaweeds to obtain
information for optimal management and conservation, as well as to identify valuable genetic resources.
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4.5 The potential role of seaweed cultivation in carbon sequestration

Several studies have highlighted the role of seaweed farming in addressing climate change (Fakhraini et al., 2019;
Sondak et al., 2017b). Fakhraini et al. showcasing the carbon sequestration potential of mature seaweeds. In addition,
(Mashoreng et al., 2019) further estimated the carbon sequestration of various species, underscoring their importance in
mitigating CO2 emissions.

4.6 The potential socio-economic impacts of seaweed cultivation

Various studies recognize seaweed farming's socioeconomic impact. Research highlights substantial income and
economic feasibility for farmers, particularly in Southeast Sulawesi and Sabu Raijua (Asian et al., 2015; Geo & Ariani,
2020; Raja et al, 2021). Langford (2023) and Rimmer et al. (2021) underscore its transformative effect on rural
communities, noting potential to lift households above poverty, though sustained benefits require supportive policies.
Other studies have suggested that grass cultivation could become a significant source of livelihood for coastal
communities in Tawi-Tawi and Sulu in the southern Philippines (Tahiluddin et al., 2023). Darma et al. (2018) and Zamroni
et al. (2019) emphasize integrating seaweed cultivation with other livelihoods to enhance resilience. Du et al. (2023) and
Andréfouét et al. (2021) highlight considering broader environmental factors, including climate change impacts and
coastal socio-ecosystem vulnerability. These studies illustrate seaweed farming's significant socio-economic benefits
while indicating the need for activity integration and supportive policies for long-term sustainability.

4.7 Strategic Management, Competitive Advantages, and Biosecurity in Seaweed Aquaculture

Nuryadi et al. (2023) and Oktopura et al. (2020) emphasized strategic management in aquaculture, highlighting shrimp,
seaweed, tilapia, and grouper as key commodities boosting national foreign exchange. Nuryadi et al. (2023) stressed the
need for strong cooperatives and partnerships to enhance seaweed aquaculture's competitiveness. Both studies
emphasize effective management and collaboration for maintaining competitive advantage. Risk management and
biosecurity are vital in the seaweed supply chain. Teniwut et al. (2020) identified key risks and suggested farmers'
forums as mitigation. Kambey et al. (2020) pointed out gaps in Indonesia's biosecurity framework, recommending policy
improvements. Mantri et al. (2023) proposed a global biosecurity framework for Gracilaria aquaculture. Future studies
should emphasize robust organizational structures and biosecurity measures to safeguard the seaweed industry.

4.8 The potential of digital technology in seaweed culture

Seaweed cultivation has begun using digital technology, such as the Internet of Things (loT), to monitor environmental
changes and address issues in cultivation areas quickly and accurately. A study by (Bachtiar et al., 2022) demonstrated a
success rate of over 90% in monitoring acidity, temperature, and water turbidity using loT in aquaculture systems.
Despite the growing potential of IoT in seaweed cultivation, challenges persist, such as limited internet access in rural
areas, data security risks from remote access, and a shortage of loT experts (Lim et al., 2022). As internet access
expands, loT usage in seaweed farming is expected to grow, making the process more efficient and improving farmers'
livelihoods. Future research should focus on advancing loT technology for seaweed cultivation, while government and
private sector support is crucial for developing infrastructure to ensure widespread access.
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5. Conclusion

Indonesia holds significant potential for expanding seaweed cultivation, as the largest producer of Kappaphycus,
Eucheuma, and Gracilaria, primarily used for carrageenan and agar production. However, underutilized species like
Caulerpa, Eucheuma denticulatum, and Sargassum have untapped potential in food, cosmetics, and organic fertilizers.
With only a small fraction of the available 12 million hectares currently farmed, there is ample room for growth. Strategic
site selection using GIS and infrastructure development can boost production to meet rising global demand.

Systematic literature reviews suggest that innovations such as Integrated Multi-Trophic Aquaculture (IMTA) and digital
technologies like IoT can enhance productivity and sustainability. Seaweed farming offers significant socioeconomic
benefits, improving income and resilience in coastal communities. To maximize these, future research should focus on
optimizing cultivation methods, expanding farming areas, utilizing genetic analysis, and developing supportive policies
for long-term industry sustainability. Moreover, seaweed's role in carbon sequestration presents a valuable opportunity
for climate change mitigation, requiring robust management, biosecurity, and strategic planning.
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