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Preface

Marine and ocean ecosystems are critical to our planet's climate stability, biodi-
versity, and societal well-being. However, factors such as climate change, pollution,
overexploitation, coastal pressure, and inequality in benefit sharing are making the
sustainability of marine resources increasingly fragile. Inclusive Pathways for Ma-
rine Resource Stewardship and Global Prosperity discusses how to design inclusive
pathways that bring together science, policy, finance, technology, and community
expertise in these fragile areas.

Inclusivity is more than just seeking stakeholder input. It requires placing
local communities, women, youth, small-scale fisheries, SMEs, and indigenous/
local knowledge at the center of decision-making processes within a rights-based
framework. This includes considering the equitable sharing of benefits and risks,
traceability and accountability, investment in human resources, and combined tools
such as skills transformation and green employment. This book demonstrates, based
on concrete examples and evidence, the conditions under which practices that em-
brace the growth orientation of the blue economy, as well as the goals of ecological
integrity and social justice, can be successful.

To this end, the chapters: These include artificial intelligence and digital oceans,
blockchain, fintech tools, critical infrastructure security, human capital-based in-
stitutional transformation, marine tourism, ecotourism, willingness-to-pay (WTP)
studies for coastal protection, and climate-water economics in the Turkish context.
The shared goal is to develop scalable, applicable, and community-based solutions:
traceability and combating IUU, data-driven environmental management, emission
reduction in maritime shipping, the balance between ecological carrying capacity
and community benefits in tourism, inclusive business models, and the economic
implications of climate risks.
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ORGANIZATION OF THE BOOK

Integrating Ethics, Innovation, and Inclusivity in Maritime Governance: Toward a
Regenerative Blue Civilization: This opening chapter lays out the book's foundational
framework by outlining a vision of a regenerative blue civilization. It holistically
addresses ethical values, inclusive governance, innovation, and long-term ocean
management perspectives. The chapter provides a strong theoretical foundation by
discussing the future of regulatory frameworks, the integration of social justice into
the blue economy, and the principles of a new maritime civilization.

Al-Enabled Marine Intelligence and Community-Centered Stewardship: Digital
Oceans & Equitable Blue Governance: This chapter comprehensively examines
how digital oceans and artificial intelligence are transforming marine governance.
It details how data analytics, sensor networks, remote sensing, and community-
based governance tools are converging to strengthen both ecological monitoring
and decision-support systems. The authors demonstrate how technology can be
integrated with community participation, justice, and accountability.

Cybersecurity in the Water Economy: Threats and Policies for Critical Infrastruc-
ture: In a water and maritime economy increasingly digitized, the cybersecurity of
critical infrastructure is one of the fastest-growing global risks. This section analyzes
the threats facing water infrastructure, maritime operations, and data-based manage-
mentsystems, while offering actionable protection strategies for policymakers. It also
evaluates technical and administrative frameworks for enhancing cyber resilience.

Blockchain in Conserving Marine Resources and Combating Illegal Fishing:
This chapter demonstrates blockchain's potential in combating illegal, unreported,
and unreported (IUU) fishing. Tools such as supply chain traceability, product de-
duplication, smart contracts, and IoT-enabled tracking systems are systematically
discussed. The challenges of data integrity, privacy, and interagency collaboration
are supported by case studies.

Integrating Green Technologies in Maritime Transportation With Deep Learning:
Centered on the use of deep learning and green technologies in maritime transpor-
tation, this chapter explores next-generation analytics for route optimization, fuel
efficiency, predictive maintenance, and emissions reduction. A roadmap for sectoral
transformation is presented, encompassing digital twin applications, portintegration,
and compliance with international regulations.

Inclusive Pathways to Sustainable Marine Enterprises: The Role of Human
Resources: This section discusses the human capital structure that underpins inclu-
sive maritime businesses. Topics such as skills redefinition, upskilling/reskilling,
inclusive employment, community-based entrepreneurship, and corporate culture
transformation are explored through real-world examples. It explains how education,
public, and private sector collaborations can be institutionalized.

Xi
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Marine Tourism: Niche Segments, Ecological Challenges, and Community
Impacts: This section focuses on the ecological risks and socioeconomic impacts
on communities of niche marine tourism areas such as diving, yacht tourism, and
cruise routes. Recommended policy tools for balancing carrying capacity, waste
management, environmental sensitivity, and community benefits are presented
comprehensively.

Climate Change and Willingness to Pay for Beach Conservation: Insights from
Costadel Sol (Spain): This chapter analyzes societal preferences for financing coastal
protection through a WTP study conducted in the Spanish context. The impacts
of climate risks on coastal erosion, infrastructure pressure, and tourism revenues
are assessed using quantitative methods. Equitable financing models for different
income groups are discussed.

Tiirkiye’s Water Future: Demand Forecasting and Sustainable Strategies / The
Relationship Between Climate Change and Marine Economics in Tiirkiye: These
chapters, based on the Turkish context, analyze the impacts of climate change
on water resources, the maritime economy, and sectors. They delve into demand
forecasting models, sustainability strategies, the economic implications of climate
risks, and policy options. This national assessment strengthens the book's global
framework with regional data.

We extend our gratitude to all our authors, reviewers, and institutions who con-
tributed to the creation of this book. We hope that the suggestions here will serve
as concrete guidance for policymakers, practitioners, and researchers who view the
oceans not only as an economic space but also as a life-support system and shared
heritage. We also extend our sincere gratitude to the IGI Global team for their pro-
fessional support at every stage of the publication process.

xii
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Chapter 1
Integrating Ethics,
Innovation, and
Inclusivity in Maritime

Governance:
Toward a Regenerative
Blue Civilization

R. Vettriselvan
https://orcid.org/0009-0005-1097-0806

Academy of Maritime Education and Training, India

ABSTRACT

This chapter explores how gender equity, circular port management, and climate-
resilient innovation collectively redefine the foundations of the blue economy. It
examines how inclusive participation, sustainable infrastructure, and intelligent
technologies such as Al and blockchain foster transparency, adaptability, and
regeneration in maritime systems. By linking social justice with environmental
and economic performance, the study highlights the transformative potential of
gender-inclusive governance, circular logistics, and predictive climate strategies.
The chapter envisions a regenerative blue economy where equity, technology, and
ecological stewardship converge to promote sustainable prosperity and resilient
global maritime development.

DOI: 10.4018/979-8-3373-1777-9.ch001

Copyright © 2026, IGI Global Scientific Publishing. Copying or distributing in print or electronic forms without written permission of IGI Global Scientific Publishing is prohibited. Use of this chapter to
train generative artificial intelligence (ATI) technologies is expressly prohibited. The publisher reserves all rights to license its use for generative Al training and machine learning model development.
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1. INTRODUCTION

The dawn of the twenty-first century has seen the radical shift in the maritime
sphere where oceans, previously perceived as sources of resources, as well as as
routes of trade are currently considered to be the key to sustainability, advancements
in technology, and the overall economic revolution. This shift is reflected in the
changing paradigm of the blue-economy that views marine and coastal resources as
the sources of interrelated goals of economic prosperity, social equality, and environ-
mental health (Alhowaish, 2025; CCICED, 2025). Unlike the previous development
models that focused on extraction and throughput, the modern approaches project the
conceptof integrating gender equity, circular port management, and climate-resilient
innovation in one scheme and positioning profitability and long-term ecological
stewardship. With countries trying to balance the exploitation of the seas and their
conservation, the nexus of social inclusion, circularity, and technological resilience
can be a key feature of sustainable maritime governance. The opportunities and
constraints are increased by the global growth of blue-economy sectors. Shipping,
aquaculture, coastal tourism, offshore energy, and marine biotechnology are some
of the industries that generate trillions of dollars to the global economy and provide
over 350 million livelihoods (Mehrotra, 2025). However, the same growth curve
compelled the worsening of the ecosystems, overfishing, and habitat loss that now
pose a threat to the persistence of economic growth and environmental balance
(Batool et al., 2025). These paradoxes highlight the imminence of a change in the
paradigms of traditional forms of growth into more regenerative, inclusive, and
innovation-driven modes. In this regard, new governance systems require ethical
vision, technological wisdom, and participation in ocean governance (Al Mokdad,
2025). This transition has also become important on the aspect of social inclusion,
especially gender equity. Although women, youth, and marginalised communities
have very important roles to play in fisheries, logistics, and coastal conservation, the
representation of these groups in the structures of decision making is significantly
low (Cavole et al., 2025; Williams, 2023). Gender equity is being seen as a key
strategic facilitator of sustainability, which creates institutional trust, innovation
potential, and resilience in maritime systems. It is established in research that in-
clusive governance leads to policies that are more adaptive and more responsive to
the community, particularly in fisheries and coastal management contexts (Nnangu-
ma, 2024; Vettriselvan et al., 2019). Therefore, gender inclusion does not only have
a moral imperative but it is a structural pre-condition of blue-economy governance.

In line with these social imperatives, the logic of operation of maritime logistics
worldwide is being transformed by circular port management. The ports that were
traditionally structured around the linear flows of resources are moving towards the
closed-loop models with the focus on reuse, renewable energy, optimised logistics,
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and digital monitoring (Cunha et al., 2025). Circularity allows ports to minimise
externalities to the environment and promotes the symbiosis of industries with waste
valorisation and energy efficiency. These transitions are further reinforced with the
help of digital tools like Al-powered analytics and blockchain-based transparency to
facilitate predictive maintenance, the tracking of emissions, and responsible reporting
(Raheja et al., 2025; Babu et al., 2025). All these practises are examples of how the
principles of the circle can help enhance the speed of decarbonisation and make
global supply chains more resilient. The third main dimension of the modern ocean
governance is climate-resilient maritime innovation. Risks to coastal infrastructure,
fisheries, and livelihoods Due to sea-levelrise, acidification, and storms of increasing
intensity and intensity, there has been a significant threat to coastal infrastructure,
fisheries, and community livelihoods (Goodman et al., 2023). Maritime industries
are resorting to adaptive technologies and governance to ensure the threats are
mitigated. The environmental forecasting, marine spatial planning, and emergency
response have become the focus of Al, IoI-based sensing networks, and blockchain
applications (Al Subhi & Al Suqri, 2025; Sultana et al., 2024). Such innovations
underline the appearance of marine techno-ecology when technological instruments
and ecology systems develop together to make decisions based on data that ensure
the safety of the environment and the continuity of operations (Gesami 2024).
Equity and circularity and innovation are interwoven to create a networked system
that has been defined by recent scholarship as a regenerative blue-economy. This
change redefines sustainability as an external factor to a maritime competitiveness
indicator and institutional legitimacy. India, Kenya, Greece, the Gulf States are devel-
oping national blue-economy plans which are more often focused on social inclusion,
renewable ocean power, and Al-based environmental controls (Alhowaish, 2025;
Ekpemuaka et al., 2025; Papadaki et al., 2025). International organisations like the
UN Sustainable Development Goals (especially SDG 14) and the decarbonisation
agenda of the International Maritime Organisation also contribute to the necessity
of more ethics, economics, and technology-based governance models (Mutambara,
2025; Zaeri, 2025). The chapter also fits into the developing discourse of providing
an analytical synthesis of the ways the principles are united to promote resilient,
equitable, and innovation-driven maritime development. The plurality of ocean in-
dustries must be transformed to inclusive and climate-aligned systems by reworking
of institutional and market setups. Following the recommendation of Al Mokdad
(2025), sustainable governance should be seen not only as a compliance with reg-
ulations but also as intelligence-oriented decision frameworks and participative
structures. Additional complementary results by Bakker (2022) also indicate that Al
and real-time analytics can be used to improve conservation results and outcomes
in marine protected regions in addition to complementing local livelihoods. These
lessons show that maritime innovation is not simply technological but relational, it
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has an impact on the governance practises, forms of cooperation, and social justice.
Inclusive leadership together with circular infrastructure and adaptive technological
tools can provide opportunities to reshape the maritime industry as a recreation
ecosystem. The change will guarantee environmental resilience, economic diversi-
fication, and enhanced social stability as an investment in resilient coastal systems
will create jobs and facilitate work across borders (Le Gouvello & Simard, 2024).
Re-forming a regenerative blue-economy is therefore a moral obligation as well as
a strategic necessity to ensure the world is a prosperous place to live.

2. GENDER EQUITY IN THE BLUE ECONOMY

Incoastal areas, women form a considerable but grossly underestimated portion of
the workforce in the sea. They are involved in fishing, aquaculture, coastal tourism,
seafood processing, and community management, often on alow-paid and informally
and unpaid basis. According to Cavole et al. (2025), women do almost half of all
small-scale fisheries operations in the world, but only a small portion of large-scale
leadership or management. This difference indicates deeply rooted gender inequal-
ities in the economic and cultural systems, which still hide the economic worth of
women labour and limit their resources, financial and technological resources. Since
the blue economy aims at fostering sustainable progress by using marine resources,
the continuation of such inequalities goes against the social justice, as well as the
sustainability of the sector in the long term. Gender equity thus serves as more than
a moral issue but rather an economic issue and governance issue as well. It has been
proven that under the conditions of meaningful involvement in fisheries management,
marine solidarity, and maritime entrepreneurship, communities are characterized
by the enhanced sustainability levels, uplifted household well-being, and adequate
management of the resources (Cavole et al., 2025; Williams, 2023). Inclusion then
comes to be an aspect of adaptive and resilient governance. International bodies
like the [IUCN and UN Women argue that involvement of women in value chains
of the blue-economy will boost innovation, mitigation of risks and environmental
standards. This claim is supported by the empirical evidence provided by Pacific and
African fisheries: societies that have a higher level of female representation in the
governance system are more likely to practise conservation and have more livelihood
resilience (Handmer et al., 2024; Nnanguma, 2024). The inclusion of gender where
it is institutionalised by decision making which participates, leads directly to social
legitimacy and stability of the ecosystem further supporting the overall objectives
of sustainable marine management. Structural blocks are widespread even with this
international acclaim. Women are limited in their movement in the maritime indus-
tries due to patriarchal norms, unequal inheritance and property rights, as well as



Mochamad Maoc

1klas (mochamadmochklas@ Downloadad: 12/15/2025 10°59:37 BN
1G] Global Scientific Publishing Platform P Addrass

limited access to education. As Williams (2023) points out, financing systems rarely
use gender-responsible criteria, thus women entrepreneurs cannot access capital
when operating in new business areas (e.g., eco-tourism, aquaponics, or maritime
logistics). The ability to overcome these restraint is compensated by occupational
segregation that places women into low-income processing and marketing jobs
and denies them any technical, managerial, and scientific jobs. Similar patterns are
observed in the Indian technical industries by Vettriselvan et al. (2019), as gender
diversity is positively related to productivity and innovation. As a result, women
are being comparatively underrepresented in technology-intensive areas of the
maritime sector, which hinders the capacity of the maritime industry to deal with
issues creatively and reduces the institutional capacity during crises.

These inequalities are enhanced by institutional weaknesses in the marine gov-
ernance. Most regulatory frameworks do not have the gender-disaggregated data
which makes it harder to identify the magnitude of women input and evaluate the
policy impact correctly (Medhekar, 2025). In the few cases where gender policies
have been put in place, such policies usually tend to be rhetoric unless they are
backed up with specific budgets, indicators, and cross-ministerial coordination.
Consequently, policies become disjointed and incomplete, as gaps are indicated
between policy aspiration and the capabilities of operation. Itis essential to empower
gender equity by therefore establishing gender considerations within the governance
systems at all levels in policy process, such as planning, budgeting, monitoring, and
evaluation. Al Mokdad (2025) is keen to point out that inclusive and smart gov-
ernance should take into consideration integrating digital tools with participatory
processes to become more transparent and representative. In the maritime setting,
it implies the incorporation of gender analytics into the processes of marine spatial
planning, port development, and resource distribution. An initiative that promotes
gender-inclusive stakeholder mapping is supported by the Marine/Maritime Spatial
Planning Guide (Iglesias-Campo et al., 2021), which can be implemented with a
specific leadership training programme, gender-oriented budget, and the creation of
participative councils in maritime organisations. Accountability can also be enhanced
by utilising digital platforms and Al-driven decision support systems (Santos and
Carvalho, 2025), which can also help monitor the inclusion metrics and make sure
that gender commitments are converted into tangible results.

These are practical examples of such ideas in the form of regional initiatives.
Women-owned cooperatives operating in the Kenyan coastal fisheries have im-
plemented Al-based value-chain optimisation devices to increase the market
transparency and fair pricing (Gesami, 2024). On the same note, in the Philippines
and Indonesia, the female-led conservation networks use the decentralised digital
governance systems to govern community reefs, hence strengthening biodiversity
and participatory governance effects. These instances indicate that when combined
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with the digital innovation, gender mainstreaming helps to enhance the effectiveness
and credibility of the marine management systems. Financial inclusion is another
condition of equity in the development of a blue-economy. The conventional fund-
ing streams such as government grants, foreign loans and domestic investments
favoured large industrial players thus marginalising micro- enterprises and women
cooperatives. Further expansion of access by using blockchain-based credit rating and
micro-investment pooling can be achieved through FinTech mechanisms discussed
by Kaur, Kapur, and Kurucz (2025). The development of new models of impact-
investment in Global South are paying greater attention to gender parity in funding
requirements; as an example, blue-economy financing programmes in the Western
Indian Ocean insist that a significant share of their fundee portfolio be female-owned.
Microfinance systems based on blockchain also enable checking the environmental
performance through smart contracts and, consequently, help women-owned coastal
enterprises to attract sustainable investment (Khan et al., 2025; Raheja et al., 2025).
Gender-responsive financing is not only effective in capital but also in reinforcing
social-environmental value of blue businesses, which is associated with SDG 5 and
SDG 14. Financial innovation and regional collaboration can together promote the
objectives of diversification and gender equality in the Gulf region, as exemplified
by Alhowaish (2025), when prioritised between the national blue-economy plans.

As a means of continuing progress, education, leadership development, and
capacity building are crucial. Cavole et al. (2025) note that the underrepresenta-
tion of women in the field of ocean science and maritime engineering is supported
by the lack of mentorship frameworks and stereotypes. The idea of creating extra
specialised courses in maritime institutions, combined with leadership mentoring
programmes, can develop a new generation of women in leadership who will be
capable of handling technical and governance issues. Women are already playing
a crucial mediating role between scientific institutions and traditional resource
users already in many communities along the coasts of the country, a phenome-
non that reinforces the hybrid governmental forms that are already advocated in
order to develop sustainable fisheries management (Outa et al., 2021; Handmer et
al., 2024). The gender inclusion also increases climate resilience in the maritime
systems. Rarely are women the owners of resources like water, food and coastal
vegetation which are quite susceptible to climatic changes. Their personal experi-
ence is the basis of the early warning systems to make adaptation planning more
inclusive (de Heer & Choudhury, 2025). The process of designing Al and remote-
sensing tools, in collaboration with women groups, to monitor shoreline erosion,
storms, or habitat restoration is important to make sure the technological solutions
are context-sensitive. Participatory projects in Bangladesh and the Pacific Islands,
which use Al-based climate models, have both enhanced disaster preparedness and
empowered women as data interpreters and community educators (Harrington,
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2022). These illustrations are emphasized on the argument that gender inclusion
does not necessarily only complement marine innovation but also enhances its social
validity and functioning. Finally, to promote a gender-equitable blue economy, it
is necessary not to look at women as passive recipients of blue economy benefits
but as co-builders of maritime change. A shift in the paradigm like this requires a
framework of governance structures that are able to entrench the element of inclusion
by establishing enforceable laws, specific funding and institutional accountability.
Regenerative blue economies are about strengthening the connexions between the
social and ecological systems, as Le Gouvello and Simard (2024) claim. The role
of women in this regenerative logic is key in that innovation is kept within the
priorities of the community and that the maritime development is carried out in a
manner that is resilient, equitable and future-ready.

3. CIRCULAR PORT MANAGEMENT AND DIGITALIZATION

The development of the modern ports is a paradigm shift: these ports have ceased
being a mere logistic point to becoming an active driver of sustainable innovation.
In the first half of the twentieth century maritime logistics was based on a linear
‘take-make-Dispose’ pattern where throughput efficiency is favoured over ecological
regeneration. This kind of paradigm has contributed materially to the carbon emission,
accumulation of waste material as well as the degradation of the coastal ecosystem.
The rise of global decarbonisation agendas and Sustainable Development Goals has
placed ports on the forefront of the movement towards circular port management
(CPM), a structure that predicts the recirculation of resources and waste reduction,
renewable energy and digital intelligence (Cunha et al., 2025). The essence of CPM,
however, aims at operationalising closed loop logistics in which there are reuse,
re-processing or reuse of materials and energy and not discarding. This orientation
is consistent with the regenerative logic of the blue economy and views the ports to
be central to the development of climate neutrality and socio-economic well-being
of communities living around them (Alhowaish, 2025). Since ports deal with 8090
percent of the world merchandise in terms of weight, their management carries sig-
nificant consequences of global sustainability paths. The case of investment flows in
the Greek ports helps to show how the approach of integrating circular investment
principles in the socio-economic decision-making process can produce the corre-
sponding returns in terms of the environment and finances (Papadaki, Halkos, and
Koundouri, 2025). Circular port management can tune shipping emissions, coastal
pollution, and urban development, and can achieve it by actions, such as increased
energy efficiency in terminal operations, electrification of cargo-handling equip-
ment, use of alternative fuels, such as green hydrogen or ammonia, and installation
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of waste-to-energy systems, which serve local residents. Most of these action plans
are aligned to Green Port Certification programmes and EcoPort frameworks, and
environmental performanceis aligned to ISO 14001 standards. The general objective
is to design strong port infrastructures, which are energy-neutral, with microgrids
of renewable energy sources, and technologically connected with smart logistics
systems. This kind of development is an illustration of increased interdependentness
between land-based urban sustainability plans of smart cities and new models of
maritime circularity (Martinez-Mireles et al., 2025).

Digital transformation is one of the key levers that can drive this transformation.
Intelligent circular governance has its cybernetic basis provided by artificial intel-
ligence (AI) and blockchain. By using Al-based predictive analytics, it is possible
to reduce fuel consumption, optimise the process of berth assignment and predict
equipment malfunctions, which would make operations more efficient. In turn,
blockchain supplements traceability and transparency through the value chains
by creating unalterable records of the environmental compliance and a circularity
measure (Raheja et al., 2025; Babu et al., 2025). Smart contracts can help in sales
documentation of waste recycling, verification of carbon credits, and authentication
of sustainable procurement. The interaction between Al and blockchain, as Suresh
Babu, Begum, and Karafolas (2025) argue, is resulting in a new paradigm, in which
the decentralized accountability models and machine-learning-driven sustainability
models reinforce each other. Singapore, Rotterdam and Los Angeles, among the
largest ports, have adopted the idea of a digital twin, which is a digital representation
of the port infrastructure, to model the logistics flows, detect the environmental
bottlenecks, and optimise the decision-making processes in operations. To reduce
the resources inefficiency, these systems combine loT-based devices that capture
environment-related data, emission-monitoring devices, and mechanised waste-
sorting systems. Similarly, Al-based decision dashboards help port administrators
to make a trade-off between trade performance and environmental requirements
(Santos and Carvalho, 2025). Industrial symbiosis is another important aspect of the
circular port design whereby waste or by-products in one process are used as inputs in
another. Such examples are the reuse of ship-dismantling residues, treatment sludge
of a ballast-water processing plant, or bioenergy production based on organic waste
production in port facilities. Antwerp and Hamburg are the first ports to establish
eco-industrial areas, where terminals are located and whose logistics networks are
optimized by Al to allow resources to exchange (Elston et al., 2024). The ability of
circularity to create new economic value is evidenced in waste valorisation, in which
the discarded materials become marketable products. Bio-based port economies,
where the algae or marine biomass can be converted into biofuels or bioplastics
can also be seen as the sources of prospective innovations (Sultana et al., 2024).
The said bio-industrial pathways do not only restore the local ecosystems but also
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widen the job opportunities especially to the youth in the coastal areas and women
hence solidifying the inclusion agenda as earlier discussed.

A shift in the circular port management requires a significant amount of money.
Traditional models of financing, which focus on short-term throughput are usually
at odds with the long payback periods of circular infrastructure. According to Kaur
et al. (2025), the mobilisation of investors and the incentive of certified circular
initiatives can be achieved through FinTech-based sustainable finance systems
through transparent project verification via blockchain. Circular port development
is more and more being underwritten through public-private partnerships (PPPs)
and green bonds, blue bonds, and sustainability-linked loans. Al Mokdad (2025)
notes that such financing might be made more effective with the help of intelligent
governance structures, which should coordinate the flow of investments with policy
incentives and provide the equitable allocation of benefits. In the developing economy,
microfinance systems based on ledgers and decentralised allow the smaller coastal
businesses such as fishing cooperatives and local recyclers to engage in circular port
activities (Khan et al., 2025). This inclusion widens the economic involvement and
prevents marginalisation of ports which are technologically supported. The greater
supply chain is also restructured by circular port management. The conventional
maritime logistics are often characterised by disjointed information flows between
shippers, the customs agencies and the terminal operators. Through combining Al
predictive logistics with blockchain-protected electronic records, ports will be able
to achieve better synchronisation, minimise delays, and emissions. Gesami and
Nunoo (2024) show that Al-enhanced cold-chain logistics of Kenyan fisheries by
coastline can reduce spoilage and energy waste, which can be generalised to the
maritime cargo processes. Predictive analytics may also be used to match cargo
arrival and renewable energy, thus reducing the tendency to rely on fossil fuels.
Reverse logistics as a vital circularity mechanism can also be streamlined with the
help of machine learning that will map out the most optimal possibility of reuse or
recycling returned materials (Mutambara, 2025).

Effective policy integration between maritime, municipal and regional author-
ities is a requirement of successful transitions of circular ports. Alhowaish (2025)
highlights that circular innovation cannot work in Arabian Gulf because of minis-
terial fragmentation, which needs to be replaced by coordinated governance. The
regional initiatives are represented by regional bodies, like the International Maritime
Organization (IMO) and the Blue Economy Council of ASEAN, which facilitate
the harmonisation of the regulations and standardised sustainability indicators.
Circularity is incorporated in the policy instruments by the Extended Producer
Responsibility (EPR) to ship waste and Zero-Emission Port requirements, which
are included in legal frameworks. When it comes to addressing the environmental
protection in conjunction with digital transformation, Ekpemuaka et al. (2025) state
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that an African blue economy relies heavily on bridging the digital transformation
in the context of enhancing maritime law with Al ethics, data sovereignty, and
gender issues. Marine Spatial Planning (MSP) can also be used as complementary
instruments to decide on areas where renewable energy, waste treatment and biodi-
versity protection will be located, thus preventing unintentional ecological damage
(Iglesias-Campos et al., 2021). MSP, in combination with Al-driven spatial models,
will increase the transparency and strengthen adaptive decision-making (Al Subhi
& Al Sugqri, 2025). Social equity is also a challenge that circular port development
has to deal with. Communities residing along the coast are often the ones affected
by pollution, land-use struggles, and relocation relating to port development. En-
gaging such communities by providing job opportunities, training opportunities,
and co-ownership schemes increases the legitimacy and resilience of the process
of circular transitions (Nnanguma, 2024; Vettriselvan et al., 2019). Recycling pro-
grammes, renewable energy cooperatives and local innovation centres also expand
the issue of resource management, and give increased benefits to people. Circular
port systems in this respect can be likened to participatory approaches to sustain-
ability which align economic regeneration and social empowerment. Regenerative
blue economies build up well where social systems support ecological systems and
vice versa, as Le”Gouvello and Simard (2024) argue.

Continuous improvement and investor confidence are not possible without
measuring circular performance. Key Circularity Indicators (KClIs) include such
key indicators as material recovery rates, share of renewable energy, ton per ton of
emission intensity, and social inclusion indices that make systematic assessment
frameworks. Cunha et al. (2025) suggest SDG-oriented solutions to Brazilian ports,
in which environmental, social and governance indicators are incorporated into the
operational monitoring activities. A combination of Al analytics and verification,
achieved with the help of blockchain, will increase the level of transparency, and
regulators, investors, and local stakeholders may analyse performance in a reliable
manner. This combination of predictive and retrospective analytics underpins the
model of adaptive governance, expressed by Al Mokdad (2025), according to which
policy is directly updated based on the operational data. Finally, circular logistics has
turned into a far-off dream to a competitive requirement. Ports which incorporate
circular principles enhance investor appeal, minimise costs of operation and meet
high global demands of emissions. As Zaeri (2025) notes, the blue economy and
the collaboration with Al provide a technological basis on which the development
of the economy could be not tied to increasing environmental degradation.
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4. CLIMATE-RESILIENT MARITIME INNOVATION

The issue of climate change is currently one of the biggest systemic hazards of
world maritime infrastructure. The threat to not only the port facilities and fleets
but also the social and ecological systems that the ocean-based economies rely on is
increasing due to rising sea levels, ocean acidification and the increasing intensity of
storming. The responses to the situation in the maritime world, as Goodman, Baudu,
and Fleishman (2023) argue, cannot be confined to the mechanisms of incremental
adjustments anymore, climate resilience needs to be integrated into planning, op-
erations, and technological systems. The sustainability of the blue economy over
the long term is becoming more and more dependent on how well the alignment
between the terms of innovation, adaptive governance, and ecological foresight
are realized in states and institutions. The issue of maritime climate resilience
goes beyond the building of engineering strength. It comprises of informational
intelligence, regeneration of eco systems, and all-inclusive policy frameworks.
An example of such evidence is the evidence in coastal Bangladesh according to
which the hybrid adaptation measures, which include the use of hard infrastructure
in combination with community-based monitoring, are more effective compared
to the use of structured defences (de Heer & Choudhury, 2025). This observation
has led to a transition to so-called intelligent resilience where Al-based foreseeing,
long-range sensing, and data structures that can be verified assume a leading role
in coastal adaptation. The technological innovation has revolutionised the abilities
of the maritime systems to predict and control the climatic risks. With the help of
Al IoT, and satellite analytics, it is possible to track the state of the ocean on the
go and predict the storm, tides, pollution events, and indicators of ecological stress
near real time. Bakker (2022) describes the possibilities of Al-powered so-called
smart oceans to enhance conservation efforts within marine protected areas by
monitoring, using deep-learning models, the migration of species, coral bleach-
ing, and vessel locations. Likewise, Sultana et al. (2024) demonstrate that Al and
edge computing facilitate ocean-health diagnostics with the help of the analysis of
acoustic and chemical data, which enables prompting the identification of stress in
an ecosystem. Tandi and Shrirao (2023) show that forecast models will help predict
changes in fish stocks and lessen the pressure of overfishing and stabilise livelihoods.
Together, the given applications point to the way prescriptive intelligence systems,
which are tailored to learn, predict, and adjust to changes, can work at a more pace
that is consistent with the speed of the environmental change.

The second pillar of climate resilient maritime innovation is decarbonization.
Shipping fleet, ports and coastal industries continue to be major causes of green-
house gas emission. The shift in favor of low- and zero-carbon infrastructure is thus
a key one. Alhowaish (2025) observes that solar desalination, offshore wind and
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hybrid fueled vessels in the Arabian Gulf have heavily lowered the level of opera-
tional emissions besides increasing the level of energy security. Granting access to
renewable microgrids based on rooftop solar and tidal or wind energy production
and hydrogen storage can offset energy-resilient logistic corridors within ports. Al-
driven digital energy-management platforms dynamically manage the demand and
supply in these sources and enhance the cost efficiency, as well as environmental
performance (Martinez-Mireles et al., 2025). Simultaneously, natural carbon sinks
and physical barriers to coastal erosion are blue-carbon ecosystems, i.e. mangroves,
seagrass beds, and salt marshes. Their inclusion in the port development strategies
does not just compensate the emissions, but enhances the biodiversity and the sta-
bility of the shoreline in the long term (Le Gouvello & Simard, 2024). This meaning
of innovation is associated with mechanical, biotechnological as well as ecological
engineering, and with the re-imagination of infrastructure as part of regenerative
socio-ecological systems. Marine Spatial Planning (MSP) has been changing with
these new technological developments. Instead of fixed maps, MSP is progressively
depending on Al-enriched spatial data structures which merge satellite imagery,
oceanography and social-economic data. Al Subhi and Al Suqri (2025) state that
Al-assisted MSP tools are crucial in streamlining the process of distributing the
ocean space between conservation, navigation, and industrial purposes. Models
based on neural networks have the ability to handle advanced layers of hydro-
dynamics, biodiversity patterns, vessel traffic and climatic tendencies to suggest
zoning structures that can reconcile ecological security with economic endeavour.
Notably, such systems have the ability to utilise the experience of local fishers and
port managers and combine computational accuracy with local contextual knowl-
edge. The dynamism in government-setting of maritime zones is then made possible
when the ecological boundaries change. Associated with the early-warning systems
of tsunamis and abnormal state of the sea, these data infrastructures provide links
between the national meteorological services and the international oceanographic
networks, which enhance the multi-scale resilience (Santos and Carvalho, 2025).
The mostimportant elements of climate-resilient governance include trust, trans-
parency and accountability. The blockchain can facilitate these objectives by providing
registries that are tamper-resistant to store the emissions data, compliance records,
and the carbon credit transactions. Raheja, Goyal and Syan (2025) emphasise the fact
that blockchain is appropriate in full-chain carbon accounting in shipping and port
operation because of its real-time verification capacities. They can tokenize emis-
sion reductions in the form of a digital asset, buying and selling in a carbon market,
and this will encourage operators to invest in cleaner technologies. Environmental
clauses may be coded into the freight or leasing agreement through smart contracts
and the financial incentive is directly tied to confirmed performance. Khan, Katoch,
and Mahendru (2025) also indicate that the blockchain-FinTech solutions can be

12



Mochamad Maoc

1klas (mochamadmochklas@ Downloadad: 12/15/2025 10°59:37 BN
1G] Global Scientific Publishing Platform P Addrass

used to bring climate finance to smaller maritime businesses, which will help in a
more equitable allocation of resilience investments. The concept of data integrity
applies to biodiversity protection and disaster response as well: humanitarian aid
and funds to restore the ecosystem may be distributed in regard to verifiable impact
data, which might lessen leakage and corruption (Zaeri, 2025). Digital infrastructures
in this manner aid the bridging of technological solutions and ethical governance.
Climate volatility is also important to operational resilience in shipping fleets and
ports. The old, set in stone maintenance regimes are becoming less and less viable
due to the vagaries of weather and operating pressures. As Duraimutharasan et
al. (2025) show, the application of Al together with complex control engineering
will provide an opportunity to predictive maintenance by constantly analysing the
vibration, temperature, and structural data. Engine, turbine and hull sensors can
provide real-time telemetry, which will allow detecting signs of wear, corrosion,
and strain in the early phases and implement proactive measures. This will mini-
mise unplanned breakdowns, wastage of fuel and related emissions. Crane, power
unit and critical infrastructure monitoring systems like these are implemented in
port environments to improve safety and continuity in times of storms, heatwave
or other extreme weather.

There are also acute effects of climate in the marine food systems. The troic
relationships and strength of world fish stocks have been inhabited by overfishing
and warmer water (Batool et al., 2025). Adaptive fisheries management can be aided
by Al and IoT, which can be used to make decisions that are dynamic and informed
by the data. The predictive models used on the spawning cycle and sea temperature
connected to remote sensors may help authorities determine the flexible level of
catch. Iyiola, Ogwu, and Izah (2025) demonstrate how Al-based systems are able
to identify illegal, unreported, and unregulated (IUU) fishing in real-time, enhanc-
ing food security and governance. Ekpemuaka, Odunlade and Maiyaki (2025) also
explain that policy frameworks in Nigeria relate blue-economy resilience to digital
inclusion in terms of Al-based feeding systems and blockchain traceability tools
to support community-based aquaculture. These innovations allow us to see how
inclusive governance can support inclusive technology since these innovations al-
low smallholders to practise climate-resilient lifestyles without violating ecological
boundaries. The financial resilience is becoming appreciated as a complementary
adaptation to environmental one. Maritime insurance and risk analytics solutions,
which are grounded in FinTech, enable the provision of dynamic rates on risk based
on real-time operational, climatic and logistic data. Kaur et al. (2025) observe that
the transition to adaptive underwriting will allow insurers to internalize climate
risks and encourage resiliency-enhancing upgrades investment. Both pricing and
mitigation strategies can be informed using Al-based risk scoring, which can predict
disruption due to a storm surge or a bottleneck of the supply chain. On the same note,
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parametric disaster bonds, which are run on blockchain, can automatically release
funds when sensor-confirmed thresholds are breached, then hastening recovery of
ports and surrounding communities. Al Mokdad (2025) insists that such instruments
would make finance more than a compensation mechanism, but an active system to
promote resilience, in which the incentives to sustainability are placed in the very
heart of maritime economic systems.

However, climate resiliency cannot be established only on the basis of the top-
level technologies and policy frameworks; it should be developed together with
coastal populations. In particular, participatory innovation that incorporates social
justice and environmental adaptation is particularly important to vulnerable island
and delta (Harrington, 2022; Handmer et al., 2024). Centralized systems may not
be as responsive to context as community-based early-warning systems that are in
most cases headed by women and youth. The local actors have low-cost IoT sensors
and available mobile dashboards that measure rainfall, salinity, shoreline erosion,
and more and submit the data to national and regional platforms. The process
democratises knowledge creation and empowers agency at the local level when
making decisions on climate. Outa et al. (2021) demonstrate that participatory data
collection with the involvement of fishers enhances a better model and promotes
adherence to conservation regulations. These models of citizen-science have shown
that inclusivity improves the quality of data as well as governance legitimacy that is
fundamental to the sustained resilience. Finally, the maritime innovation, which is
climate resilient, relies on governance structures, which can combine technological,
financial, and social subsystems in the situation of uncertainty. In establishing Al-
related maritime solutions in the framework of the overall agenda of the UN SDGs,
Mutambara (2025) states that adaptive governance should be technologically advanced
and morally responsible. The necessity of harmonisation of policy across borders,
sharing of data and capacity building is emphasised through regional initiatives
such as ASEAN blue economy initiatives, the blue economy strategies of African
Union and the green maritime agendas of Europe. It is also important in education;
the professionals of the future in the fields of the sea should have the skills in Al
ethics, climate modelling, and circular management principles. Ecosystem health,
digital preparedness and gender inclusion need to be included in evaluating sus-
tainable prosperity with ongoing intelligent governance as proposed by Al Mokdad
(2025). The bigger picture is not merely to implement high-tech solutions but to
reinvent the ocean economy as a regenerative, living system based on knowledge,
cooperation, and empathy. Regenerative blue economies will be successful in a
context whereby innovation is no longer linked to extractivism but is grounded on
long-term ecological integrity and social equity (Le Gouvello and Simard, 2024).
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5. SOLUTIONS AND POLICY RECOMMENDATIONS

The above deliberations indicate that gender equity, circular port management,
and climate-resilient maritime innovation should be considered as three drivers of
transformations that can reinforce each other in the blue economy. Their intercon-
nectedness can be clearly understood in the light of governance: to achieve sus-
tainable maritime transitions, institutions are required that will be able to combine
technological intelligence and social inclusiveness with ecological responsibility.
Only as it is stated by Al Mokdad (2025), effective transformation will be possible
when new technologies and the emphasis on human inclusivity work simultaneously.
As a result, the next-generation maritime governance should nurture the synergy
between social justice, environmental regeneration, and intelligent automation, which
maintains long-term ecological and economic resilience. One of the key suggestions
of this synthesis is the creation of National Blue Economy Commissions (NBECs)
multi-stakeholder governance institutions including representatives of ministries
of maritime, ports, communities, women cooperatives, academia, and the business
community. The NBECs would act as coordination platforms in order to close the old
divide in environmental policy and social inclusion and digital governance. Based
on the recommendations of Iglesias-Campos et al. (2021), Al-Subhi and Al-Suqri
(2025), and others, the implementation of such commissions is to be supported by
the Marine Spatial Data Infrastructures (MSDIs) that incorporate Al-based analytics
to distribute marine resources, monitor gender and climate parameters, and design
infrastructure in a transparent and fair way. MSDI, when linked with open-data
portals, can map spatial disparities, demonstrate gaps in participation and enhance
evidence-based policymaking. On the regional and global levels, coordination with
international agendas, including the UN Decade of Ocean Science (20212030)
and alliances such as the Indian Ocean Rim Association (IORA), can be used to
coordinate the standards of governance and resilience frameworks. The speed of
innovation in the areas of circularity, climate accommodation and inclusive maritime
development can be expedited by cross-border cooperation on the basis of interop-
erable data systems, social responsibility mechanisms. Funding is the facilitator
of this change. The conventional maritime investment patterns with the focus on
port expansion and fleet purchases have to be transformed into sustainability-based
financial ecosystems. As Kaur, Kapur, and Kurucz (2025) and Raheja et al. (2025)
point out, blockchain-based FinTech systems can dramatically increase the level of
transparency and direct funds to blue-economy projects that are certified. There are
three instruments which are of especial promise:

e  Blue-Impact Bonds, designed on achievable gender and environmental
results;
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° Al-Verified Green Credit Platforms, in which smart contracts will be used
to automatically issue micro-loans to local aquaculture or recycling projects
(Khan et al., 2025);

e  Circular-Infrastructure Funds which are a combination of government and
corporate funds which are used in the restructuring of ports using renewable
microgrids, waste-recovery, and low-carbon fleets.

According to Alhowaish (2025), such diversified structures help lessen de-
pendence on the government budgets and faster changes towards national carbon
neutrality. Incorporating the women cooperatives into the financial literacy and
entrepreneurship programmes into these schemes will turn social inclusion into
economic empowerment.

Another building block of systemic reform is education. According to Swadhi
et al. (2026), digital, ecological, and ethical competencies should be in the heart of
human resource development. Three level Blue Economy Education Framework is
thus offered:

e  Foundational Level: Incorporate ocean literacy and environmental steward-
ship in education, including in coastal areas;

e  Professional Level: Develop blue-economy management, circular logistics
and Al-based maritime system academic programmes;

e  Level of Leadership: Train policymakers and industry leaders on how to be
involved in governance, risk analytics and sustainable finance.

This is a progressive solution, which improves employability, the gender gap
in STEM professions, and the prospective workforce to be among the solutions to
climate-resilient maritime systems.

Another such complementary reform is the establishment of a Blue Data Commons
(BDC) an interoperable digital platform between governments, academia, ports, and
industries. According to Santos and Carvalho (2025), Al-based participatory envi-
ronmental management will be able to combine fragmented datasets and aid more
consistent decision making. A BDC would combine real-time satellite data, streams
of IoT sensors and blockchain-secured repositories to track emissions, water quality,
biodiversity, and gender-disaggregated labour statistics. Open APIs would allow
NGOs, fintechs and research institutions to create analytics tools and make insights
more democratic and more accountable throughout the blue economy. Even ports
should become national nodes of sustainability, and not an industrial ghetto. The
SDG-aligned performance metrics according to Cunha et al. (2025), must evaluate
ports in terms of indicators like intensity of emissions, social inclusiveness, and
resource circularity. The ways governments can speed up this shift would be the
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introduction of green port certifications as mandatory, the promotion of eco-industrial
symbiosis zones, and the implementation of Al-based waste trackers. Community
Partnership Agreements that are legally enforceable can be used to make sure that
port operators hold to gender-equitable employment, community education and
restoration of coastal ecosystems.

The institutional resilience should also be dynamic. In line with Mutambara
(2025), the concept of climate-smart governance systems demands that they are based
on a feedback loop, where the policy is updated in accordance with the real-time
data. Emerging vulnerabilities can be recognised with the use of Al-powered risk
analytics (Duraimutharasan et al., 2025), and emergency logistics can be organised
using blockchain technology to ensure quick and transparent disaster response (Zaeri,
2025). By incorporating gender responsive budgeting (Williams, 2023) and pro-
moting women led innovation hubs (Cavole et al., 2025), the community resilience
can be enhanced further by making marginalised groups to be co-managers of the
marine systems and not recipients of the assistance. As a way of institutionalising
progress, a broad Integrated Blue Economy Scorecard (IBES) is suggested, based
on the SDG-aligned models of sustainability of Cunha et al. (2025). The IBES is a
combination of quantitative indicators in four fundamental dimensions:

e Social inclusivity: Women maritime leadership, workforce, and
entrepreneurship;

e  Environmental Regeneration: emission controls, the adoption of renewable
energy, and the performance of circular waste-management;

° Technological Intelligence: The use of Al, blockchain, and digital gover-
nance solutions; the data-reactive policy;

e  Economic Viability: Sustainability of investments in the scale of circular
maritime enterprises, distributional equity and profitability.

IBES transforms sustainability into more rhetoric into operations. Through the
publication of Annual performance dashboards, NBECs can track performance,
reward innovation and revise strategies on the fly. By means of such a combination
of inclusive governance, technological intelligence and open-minded measurement,
the blue economy will be able to become a regenerative global system; the system
that will protect ecosystems, empower communities and contribute to common
prosperity.
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Table 1. Indicators for Monitoring and Evaluation

Dimension Indicator Measurement Mechanism

Gender Equity % women in maritime workforce; leadership | Labor-statistics registry + Al gender-data
ratio analytics

Circular Ports Material-recycling rate; renewable-energy IoT sensors + blockchain tracking
share

Climate Reduction in emission intensity; disaster- Satellite data + FinTech verification

Resilience recovery time

Social Inclusion | Community employment & training indices Port CSR dashboards

Innovation Al/Blockchain adoption rate in maritime National digital economy survey

operations

Table 1 presented the annual publication of these indicators through open dash-
boards enhances transparency, strengthens accountability, and reinforces continuous
improvement across the maritime sector.

6. FUTURE RESEARCH DIRECTIONS

The dynamic blue economy requires a paradigm shift in the maritime schol-
arship that addresses the need to replace the siloed disciplines of oceanography,
naval engineering, and fisheries science with transdisciplinary research involving
the integration of social sciences, digital technologies, environmental governance
and ethical innovation. To deal with the interrelated issues of climate change, gen-
der inequity, and circular transitions, predictive and systems-based research, not
descriptive research, is necessary. According to Elston, Pinto, and Nogueira (2024),
meaningful innovation requires introducing inclusivity and ethical Al concepts into
research design to make sure that the enhancement of technology reinforces instead
of compromises social and ecological systems. The next-generation scholarship
needs to take the systems-thinking models, assess Al-based logistics, blockchain-
based fisheries management, and circular port solutions in ecological, social, and
economic settings. Although there is an increased interest in gender issues in the
blue economy, there are still large knowledge gaps. There are three research priorities
which are especially pressing:

e  Artificial intelligence based gender analytics to visualise the roles, skills and
earnings equality of women in maritime sectors;

e  The research on leadership effect that assesses the role of women in decision-
making and their effects on the environment and institutional stability;
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e  Digital empowerment surveys of how the availability of fintech, data systems,
and Al tools to women allow them to engage in emerging blue-economy
industries.

e  Gender, class, and geographical intersectional analyses will be instrumental
in making sure that the policies cease to be symbolically inclusive of them
but become structural empowerment.

The implementation of Al and blockchain in marine governance is also achievable
very fast, which leaves a number of burning inquiries. According to Raheja et al.
(2025) and Babu et al. (2025), these tools may become very powerful in enhancing
transparency and accountability, but their practical implementation needs methodical
review. The further investigation should be based on the algorithmic ethics, block-
chain interoperability, and Al-blockchain synergy in maritime decision-making.
The studies of the ethical Al models that maintain cultural autonomy and data sov-
ereignty at the same time do not contradict the international maritime governance
standards are particularly required. Such experiments could be made possible by
creating Blue Al Living Labs, spaces of collaboration between universities, regu-
lators and start-ups co-developing tools and experimenting with open datasets, to
build ethical standards of deployment. Another important maritime boundary of
research is circular port management (CPM). Although sustainability frameworks,
like the ones suggested by Cunha et al. (2025), provide a conceptual background,
they have to be operationalised using Circular Performance Indices (CPIs) which
integrate waste valorisation, integration of renewable energy, integration of industrial
symbiosis, and socio-economic spillovers. The next round of research must include
the use of Al-based optimisation of logistics and the energy system, cost-benefit
analysis of renewable microgrids, and digital waste-management systems in actual
port environments. Comparative studies in Asia, in Europe, and in the Gulf have
the potential to inform how the cultures of regulations and institutional formation
influence the results of the circular economy. The macro-level effects of the circular
port transitions on the GDP growth, employment rates and coastal resilience can
also be shown with the help of spatial econometric modelling.

Climate resilience research should also transform by creating Coupled Climate
Al Models that could forecast ocean processes like coral bleaching, algal boom and
storm surge (Bakker, 2022; Sultanaetal.,2024). When information on oceanography
is integrated with economic and demographic analytics, it can come up with more
precise forecasts of how the climate could affect jobs, migration, and food security.
The use of digital twins of ports and coastal cities will enable planners to simulate
the situations of adaptation, and Al-enhanced genomic surveillance can have early
warning of ecosystem stress and assist with conservation of biodiversity and adap-
tation to climate changes. The research is required to be policy-driven to examine
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the ways in which the countries strike a balance between economic competitiveness
and environmental responsibility. Comparative analyses done between different set-
tings like Norway, India and Kenya may be used to reveal how institutional layout
and fiscal mechanisms influence sustainability results. The simulations with the
assistance of Al could help predict the impact of carbon pricing, gender quotas,
and green subsidies on maritime systems over the long term. The opportunities of
circular symbiosis and multi-sectoral efficiency may be clarified by studying inte-
grated blue-green economy concepts, which include offshore wind energy to power
desalination (Al Mokdad, 2025), or using agricultural waste as a source of marine
biofuels. It is also necessary in climate justice research. Following similar ideas of
Handmer et al. (2024) and Harrington (2022), future researchers ought to address
the disparities in climate exposure and resource availability through the lenses of
participatory action research (PAR) and geospatial justice modelling. Human rights
can be incorporated into maritime governance with the help of legal innovations
including gender-sensitive insurance policies or compensation models to apply to
small island states.

The following stage of maritime innovation will be determined by the new tech-
nologies such as marine robotics, quantum sensing, and biotechnology (Nithiya,
2025). The socio-environmental impacts of automation, regulation of the sea genetic
resources and carbon footprint of the increasing digital infrastructure in the sea need
to be researched. The suggested Open Blue Knowledge Networks (OBKN) is based
on Outa et al. (2021) and Palacio et al. (2023) and is an opportunity to collaborate
on a global scale through the exchange of datasets, multilingual archives, and de-
centralised research validation systems. In general, the blue-economy studies are
shifting towards mixed-method, regenerative paradigms, which combine quantitative
analytics with qualitative knowledge provided by communities, practitioners and
policymakers. Such regenerative research practises will require the involvement of
participatory modelling and transdisciplinary alliance. To reimagine the ocean as a
living socio-ecological system, the authors claim that a Regenerative Blue Economy
(RBE) is governed by the ideas of digital stewardship, ecological reciprocity, and
social justice (L€ Gouvello and Simard 2024). In a bid to promote these objectives
by 2030, the following priorities should be incorporated in future research:

e  Data Harmonisation: Creation of interoperable, Al-ready datasets in the area
of maritime analytics;

e Inclusive innovation: Incorporate the gender, indigenous knowledge, and
community views into technology design;

e  Regenerative Governance: Measure and implement net-positive ecological
and social results in policymaking.
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Zaeri (2025) and Mutambara (2025) add to the idea that the intersection of Al,
ethics, and sustainability will lead to a new era of the epistemics of the maritime
studies one where technology is used to deliver a fair, regenerative, and future-
oriented ocean governance.

7. CONCLUSION

The blue economy now is ata very central place where economic growth, environ-
mental management, and social justice need to meet to create a sustainable future of
the sea. This shift cannot be forecasted on swell of industrial modes, instead, it requires
aframework of three dimensions, in which gender equity, circular port management,
and climate-resilient innovation are all incorporated into a coherent transformation
system. The ethical and structural basis of this change is gender inclusivity. The
empowerment of women in the fisheries, logistics, and marine technology sector
increases transparency, builds institutional trust, and increases ecological resilience
as shown by Cavole et al. (2025) and Williams (2023). As a result, gender equality
needs to be integrated throughout all aspects of blue-economy policy, including but
not limited to how research funds are distributed and the representatives of various
genders are chosen, how jobs are created and how women and other people with
less privileged access financial opportunities. The importance of the circular port
management in decoupling economic growth and environmental degradation is also
equally important. Ports can transform into low-carbon innovation systems through
the implementation of renewable energy systems, waste-valorisation systems and
resource-efficiency approaches. Results presented by Cunha et al. (2025) and
Alhowaish (2025) depict that the circular models do not only enhance the level of
competitiveness but also create community well-being and environmental rejuve-
nation. Circularity provides a new view of prosperity as a regenerative process, and
pollution can be turned into resource opportunity and portals to ecological revival
instead of extraction centers. The third pillar of transformation is climate-resilient
maritime innovation. With the increasing volatility of the climate, the maritime sys-
tems should transition to proactive resilience rather than reactive adaptation with the
assistance of the Al-powered analytics, blockchain accountability frameworks, and
digital port twins. As Bakker (2022) and Sultana et al. (2024) show, technological
resilience will be able to enhance forecasting, preparedness, and recovery capacity
significantly to make the maritime industry an active participant in maintaining
global climate stability. Inclusivity, circularity, and resilience are a regenerative
triad that guarantees equal participation, a balanced ecology, and the creation of
futures, which are based on innovation. Instead of strengthening the paradigms of
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traditional growth, this model considers prosperity to be assessed on the ability of
the ocean, in terms of how much faster it can replenish than deplete itself.

Torealise this dream, there is a need to have institutions that are not just regulators
but innovators and enablers. Maritime governance ought to be in favour of ecosystem
service markets, blue bonds, and carbon-neutral logistics and consider the ocean as
a living system that is co-managed with intelligence and compassion. In order to
integrate the environmental, industrial, and digital mandates, it can be proposed to
create National Blue Economy Commissions that will engage in unified governance
structure based on the principles of transparency, accountability, and participation.
Formalisation of inclusion is realised through mechanisms like gender-responsive
budgeting, circular-infrastructure incentives, social-impact audits, etc. Overcoming
the divide between women and community-led initiatives and community-driven
research and development in maritime by funding it at least 30 per cent, in addition
to the open-data approach such as the Blue Data Commons (BDC), democratises
maritime intelligence and builds shared responsibility. Radical financial forms are
necessary too. The instruments based on FinTech, such as Blue-Impact Bonds,
Al-authenticated microloans, and blockchain-authenticated carbon credits make
profitability directly proportional to environmental and social performance. Such
tools, as demonstrated by Kaur et al. (2025) and Raheja et al. (2025), are appeal-
ing to green capital, cutting financial risk, and enabling the marginalised coastal
communities. Sustainability in this kind of system is reduced to solvency and the
rationale of investment becomes regeneration not extraction.

This transition also takes place with the support of education and innovation
ecosystems. Swadhi et al. (2026) believe that human-centred and Al-enhanced
maritime education enhances adaptive leadership that can meet complicated sus-
tainability issues. Blue Innovation Hubs have the capability of closing academic and
industry gaps and accelerating answers within renewable shipping and eco-materials
in addition to smart aquaculture, making learning settings dynamic laboratories of
resilience. The moral support of this change lies in ethical governance. The blue
justice models would place the vulnerable island countries, women and Aboriginal
communities in a more just position in accessing ocean resources. The reflections
provided by Palacio et al. (2023) and Outa et al. (2021) outline the need of South-
South cooperation in the democratisation of technological and environmental gov-
ernance. In the new post-carbon maritime order, the old measurements of fleet size,
cargo throughput or port expansion will no longer be used as a measure of success.
Rather, regenerative productivity will become the new standard: the financial value
obtained due to ecological rehabilitation and the empowerment of the community.
Ports will also provide the indices of circularity; fisheries will also publish balance
sheets on biodiversity; and shipping companies will also be rated on the basis of
carbon neutrality and operational transparency. The sector will contain Al and
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blockchain as the nervous system, which will offer adaptive, ethical, and responsi-
ble infrastructure to make decisions (Zaeri, 2025; Mutambara, 2025). Finally, the
projected Blue Civilization is a paradigm where the intelligence, inclusion, and
integrity drive the relationship that humanity has with the ocean. Technology is like
aninterpreter, equity like conscience and innovation is like catalyst. The regenerative
blue economy is based on the fact that no prosperity is possible without the ocean,
and no ocean without stewardship which can provide the way to the regenerated
ecosystems, strong communities, and renewed human purpose.
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ABSTRACT

Artificial intelligence, digital ocean communities, and community-based stewardship
are changing the paradigm of the blue economy. The chapter discusses the role of
Al-supported marine intelligence, big-data analytics, and blockchain in enhancing
sustainable ocean governance and sustaining fairness to the coastal communities. It
incorporates perspectives of new technologies in the seas, participatory governance
structures, and regenerative port concepts in order to offer a regenerative model
of ocean management. By focusing on gender equity, ethical digital systems and
climate resilient maritime operations, the chapter outlines how digitalization, with
its consistent alignment to social inclusion and ecological ethics, can turn marine
resource management and help realise prosperity of the blue-economy

DOI: 10.4018/979-8-3373-1777-9.ch002

Copyright © 2026, IGI Global Scientific Publishing. Copying or distributing in print or electronic forms without written permission of IGI Global Scientific Publishing is prohibited. Use of this chapter to
train generative artificial intelligence (ATI) technologies is expressly prohibited. The publisher reserves all rights to license its use for generative Al training and machine learning model development.

29



Mochamad Maoc

1klas (mochamadmochklas@ Downloadad: 12/15/2025 10°59:37 BN
1G] Global Scientific Publishing Platform P Addrass

1. INTRODUCTION

Oceans across the world are in a very critical stage and have been influenced
by the convergence of artificial intelligence (Al), digital marine technologies, and
inclusive governance systems. With the blue economy as a core component of
development policies in the world, the combination of smart technologies, data-
driven policymaking, and community-based stewardship will be a cornerstone of
a paradigm shift in the conceptualisation of marine systems and their governance.
The oceans support trillion-dollar ecosystems, facilitate global commerce, support
livelihoods on coastal zones, regulate climate systems on the planet but face increased
pressures due to overfishing, pollution, climate change, biodiversity degradation and
resource wars. It is in this connection that this chapter addresses these critical issues
by examining the way that the Al-facilitated marine intelligence as well as inclusive
governance can be used as a strategic catalyst to sustainable ocean stewardship and
fair blue growth. Recent literature also focuses on the idea that modern maritime
governance can no longer be based on sectorally disaggregated policies. In its place,
it demands multidisciplinary models, which combine technological innovation,
environmental science, socio-economic equity, and long-term resilience (Elston et
al., 2024). In the past, the ocean governance systems were focused on economic ex-
ploitation and geopolitical concerns and paid minimal regard to ecological remedies
or social justice. On the contrary, the modern blue-economy visions are based on
the principles of circularity, digital transparency and regenerative development - i.e.
the desire to coordinate economic activity with the protection of the environment
and the welfare of people (Gee, 2025). This transition would require sophisticated
technological systems, governance systems that allow the harmonisation of the
ecological, technological, and social goals.

Alhasbecome one of the agents of the change. The use of biodiversity monitoring,
autonomous ship navigation, predictive logistics, and ecosystem predictions are some
of the applications that are redefining how marine data is collected, analysed, and
operationalised (Alam et al., 2024 ). In combination with Internet-of-Things sensors,
edge computing, marine robotics, and remote sensing, Al can be part of an integrated
digital ocean architecture that can be used to achieve real-time environmental gover-
nance. Gesami and Nunoo (2024) emphasize the ability of Al to improve adaptation
to climate changes, which is possible through flexible ecological monitoring and
management of resources. Such technological dynamics indicate that data intensive
systems are going to have greater influence on the future of maritime regulation,
surveillance and efficiency of operations. Nonetheless, sustainability cannot be en-
sured by technological innovation. Without inclusive systems of governance, digital
solutions will tend to either strengthen the status quo, isolate coastal populations, or
have the effect of concentrating control of marine resources with other influential
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actors. Inclusive governance systems put a strong focus on the inclusion of women,
youth, indigenous people, and small-scale fisheries, which are important elements of
marine economies but are underrepresented in their decision-making (Meena et al.,
2025). To have socially legitimate and ecologically-based marine administration, it
is crucial that digital transformation benefits and does not marginalise such groups.

Digital equity and ocean justice have thus emerged as the key issues of new debate
on maritime governance. According to Khaskheli et al. (2025), the digital marine
systems should comply with ethical and legal standards to avoid the marginalisation
based on the data. Some of the efforts aimed at democratising access to informa-
tion in the ocean, include open-access marine databases, inclusive digital literacy
programmes and participatory data platforms. It is especially noteworthy that ocean
data is the basis of marine spatial planning, management of protected areas, climate-
responsive mechanisms, and optimisation of ports. However, according to Larkin et
al. (2022), marine information is disperse, inconsistent, and unevenly distributed. The
programmes of Digital ocean are trying to solve this issue by establishing interoper-
able data networks, Al-powered analytical dashboards, blockchain-based fisheries
records, and marine digital twins (Venice et al., 2025). Combined together, these
systems have a role in predictive and collaborative stewardship infrastructures. The
other dimension of the digital blue economy that emerges is financial transformation.
Transparency in financing ocean activities, guaranteeing the origin of capital flows,
and regenerative ocean-related projects can gain more strength with the help of the
FinTech-based tools: blockchain-verified investments, artificial intelligence-enabled
microfinance, and automated compliance solutions (Suresh Babu et al., 2025; Khan
et al., 2025). Such advances are in line with broader initiatives to realise big -data
analytics in sustainable finance, which marshal capital towards climate -resilient
infrastructure and circular port investments (Bhola et al., 2025).

Governments are acting on these changes via smart-port plans, controlling au-
tonomous ships, incurring Al-based fisheries inspection, and creating open-ocean
governance frameworks that choose between economic competitiveness and eco-
logical accountability (Kumar et al., 2024). Machine learning-based digital port
logistics provide more transparent, efficient and resilient operations (Mohanbabu
& Vettriselvan, 2025a; 2025b). These tools can be used to increase accountability,
minimise risks in operations, and address environmental degradation when combined
with participatory systems of governance. Sustainable ocean management is in the
future of data-driven technologies alongside ethical management and engagement
of the community. The digital systems and Al must not replace the human judge-
ment or stewardship of the community but must be used as a complement. Smart
oceans must not lose their human nature and should be ecologically balanced, as
Zaeri (2025) points out. This chapter thus elaborates on an idea and working model
of Al-enhanced marine governance that brings together technological innovation,
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environmental safety, financial inclusion and community empowerment. It supports a
values-oriented and multidisciplinary model, which allows digital oceans to become
welcoming, transparent, and regenerative under the flexible ethos of collectivity
and joint responsibility.

2. CONCEPTUAL FRAMEWORK

This chapter is organised through a theoretical framework in three interrelated
pillars, namely, Al-based marine intelligence, community-based stewardship, and
equitable blue-economy governance. These pillars bring out a scenario where sus-
tainable ocean governance is relying more and more on the linkage of technological
innovation, social inclusion, and ethical regulatory frameworks. Instead of framing
technology as an independent agent of change, the framework conceptualises Al
and digital systems as resources which can only acquire significance when incor-
porated into equity-focused and ecologically sustainable governance systems. The
strategy emphasises a transformational change of extractive, sector-focused ocean
management to integrated, data-driven, and participatory ocean stewardship models
that will regenerate instead of exploit the marine ecosystem.

2.1 Marine Intelligence and Architecture of digital Oceans

Digital oceans can be characterized as technologically networked oceans de-
veloped with the help of Al, IoT, satellite monitoring, autonomous systems, cloud
computing, and edge analytics. Such systems enable the real time generation, pro-
cessing and interpretation of environmental data. Artificial intelligence is always
named by literature as a game-changing element of ocean sustainability since it
boosts predictive ecological modelling, autonomous navigation and forecasting
climate impacts (Alam et al., 2024). In his argument, Bakker (2022) claims that
the operations of marine protected areas (MPAs) are increased by Al-based surveil-
lance systems through the detection of illegal fishing activity, biodiversity threats,
and automated surveillance tasks that used to be limited by human and financial
resources. In a similar fashion, Gesami and Nunoo (2024) emphasize that Al has a
higher time resolution in terms of predicting decline in fisheries, coral bleaching,
and ecosystem unsteadiness. Eluri et al. (2025) also point out that next-generation
blue economy governance is based on digital infrastructures, especially integrated
information systems and Al -enabled observation networks. Such infrastructures
advocate evidence based, pro-active decision making processes as opposed to
reactive policy cycles. Theoretically, therefore, Al-powered marine intelligence is
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not just a technical improvement but a paradigm shift in the relationship between
states, industries, and communities and marine systems.

2.2 Data-Based Marine Governance and decision Architecture

Data in digital ocean economies makes it a strategic asset defining the regula-
tory decision, governance process, and sustainability. The marine decision systems
are based on real-time data of vessels, ports, satellites, underwater sensors and
community surveillance networks. Larkin et al. (2022) argue that marine data can
also be linked with the needs of society and make environmental intelligence more
democratic and conservation practises more effective. However, the opportunities
of data-driven governance are limited due to uncoordinated datasets, unsupportable
standards, and unequal access. According to Trice et al. (2021), the implementation
of integrated ocean data systems is hampered by weak policy frameworks, poor
technical infrastructure, and involvement of the community. According to Venice
et al. (2025), the following shortcomings can be mitigated by using Al models and
blockchain-based systems to develop secure and interoperable data ecosystems to
trace data throughout ports and maritime supply chains. The theoretical implication
is that the digital change in the marine industry should not be restricted to the in-
volvement of technologies but necessitate the restructuring of the system of gover-
nance on the basis of a systemic reorganisation. Digital governance does not merely
amount to automated regulation, but instead re-organizes authority, co-ordination
across multi-levels and adaptive decision-making, which is facilitated by ongoing
feedback of environmental information.

2.3 Community-based Stewardship and
Inclusion of ocean Governance

Sustainable ocean governance should be based on technological innovation,
but should also include social inclusion, equity, and local knowledge. According to
Meena et al. (2025), diversity and inclusion enhance institutional ethics and inno-
vation capability one that can be directly applied to the blue economy. This means
that women, the youth, and small-scale fisher groups as well as coastal populations
should be actively engaged in sustainable marine governance since they are often the
backbone of ocean livelihood but are still excluded in the process of decision making
due to structural reasons. Batelool et al. (2025) and Eyo et al. (2025) demonstrate
that the participatory models contribute to the increased resilience of fisheries in
the presence of local knowledge together with digital monitoring systems. These
intermediate strategies can be used to avoid overfishing, enable sustainable aqua-
culture and enhance adaptability in shifting ecological environments. Gee (2025)
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wishes to conceptualise regenerative ocean systems as the process of balance between
technological smartness, renewal of the ecology, and socio-economic empowerment.
Simultaneously, Khaskheli etal. (2025) warn that digitalisation can enhance inequal-
ities in case communities are not represented, possess no digital rights, or do not
have control over their data. The theoretical implication is that digital governance
(not digital adoption), based on inclusivity, is a prerequisite to realise legitimacy,
equity, and prolonged environmental regeneration.

2.4 FinTech, Blockchain and Equitable Blue Finance

The blue economy development needs financial innovation which will ensure
that investment flows are aligned to the environmental and social objectives. The
implementation of blockchain, Al, and big-data analytics are at the centre of de-
veloping clear and responsible financing systems. According to Suresh Babu et
al. (2025), blockchain and Al enhance the ocean resource democratic oversight
by enhancing traceability and monitoring sustainability performance, as well as
eliminating corruption. Bhola et al. (2025) prove that big-data analytics are able
to measure environmental ratings and monitor emissions and make informed fi-
nancing choices. The authors continue this claim by demonstrating how equitable
and sustainable marine finance based on blockchain-based platforms (blue bonds,
carbon-credit markets, and ocean-impact investments) can be established. Theo-
retically, these tools allow moving the dynamics of extractive financial models to
the ones characterised by moral responsibility, equitable access, and clear lines of
investment reasoning. Equitable blue finance can therefore be used as the bridging
element between governance, technology and community empowerment.

2.5 Intelligent Ports, Cyber-Maritime
Systems, and Digital Supply Chains

The ports have been placed in a strategic role in the blue economy as points of
world trade and centres of digital transformation of the sea. The study by Mohan-
babu and Vettriselvan (2025a; 2025b) indicates that Al-based logistics can enhance
container tracking, decrease congestion, optimise fuel consumption, and emissions.
Predictive maintenance, autonomous vessels, and real-time energy management
technologies are examples of smart-port technologies to develop operational efficien-
cies and promote climate objectives. Nonetheless, there are also governance issues
that are brought about by the growth of the digital maritime systems. As noted by
Khaskheli et al. (2025), cyber vulnerabilities of autonomous vessels, smart buoys,
satellite networks, and electronic customs systems have a high threat to supply
chains globally. This highlights the importance of cybersecurity, regulatory control,
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and legal frameworks that have the ability to secure digital maritime infrastructure.
Theoretically, smart ports and cyber-maritime systems show how technological
innovation restructures logistics, risk management, and environmental management
at the system level, portraying the relationship between the digital transformation
and ethical custodianship.

Table 1. Conceptual Model of the Theoretical Framework

Pillar Key Components Main Outcomes

Al & Digital Oceans Al IoT, marine robotics, predictive | Real-time monitoring, early threat detection,
analytics ecological resilience

Data-Driven Marine Blockchain, digital twins, Transparency, traceability, integrated

Systems interoperable data platforms decision-making

Inclusive ‘Women, coastal communities, Social justice, community empowerment,

Stewardship indigenous groups participatory governance

Blue Finance FinTech, blue bonds, carbon-credit | Ethical markets, equitable investment flows,
platforms sustainable growth

Smart Maritime Autonomous ports, Al logistics, Low-carbon operations, efficiency, secure

Systems digital supply chains cyber-infrastructure

3. METHODOLOGY

The proposed study will use a qualitative, interpretive research design to examine
the potential of Al based marine intelligence, inclusive governance and community
based stewardship as mutually enhancing drivers of sustainable change in the blue
economy. The design that was selected is suitable since the main goal of the chapter
is to draw conceptual understanding, meaning structures, and governance dynamics
and not to measure causal relationships. It prefigures hermeneutical thinking, which
allows the researcher to draw conclusions out of a convoluted of disciplinary cultures,
including technology, governance, environmental science, and social equity, and re-
constructits applicability to sustainable ocean futures. This methodology corresponds
to the modern demand of interdisciplinary maritime investigation, incorporating
digital technologies in an ecological and social framework, and, consequently, being
able to conduct a holistic analysis of sustainability (Ghosh and Kumar, 2025; Elston
et al., 2024). The study has evidence base on a systematic literature review with
thematic analysis and conceptual synthesis to supplement this review. To focus on
peer-reviewed journal articles, scholarly monographs, and other authoritative insti-
tutional sources that cover the topics of artificial intelligence, digital ocean systems,
maritime resource governance, blockchain and big-data utilisation, and an inclusive
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blue-economy development, sources were carefully chosen. The corpus includes the
recent research on ocean digitalisation (Alam et al., 2024; Mohanbabu and Vettri-
selvan, 2025a; Mohanbabu and Vettriselvan, 2025b), inclusive governance and the
community (Meena et al., 2025), and Al-facilitated ecological resilience (Gesami
and Nunoo, 2020). Such thematic areas made sure that the review was in line with
the three pillars of the chapter, which were digital transformation of ocean systems,
inclusive governance mechanisms, and ecologically attuned stewardship models.

To ensure the methodological rigour, the literature review was conducted in three
consecutive stages. To define the conceptual boundaries of the field, the literature
was first broadly scanned to allow the identification of recurrent themes in the tech-
nological innovation, governance dynamics, ocean stewardship, and socio-ecological
equity. Second, a set of patterns, points of intersection, and implicit assumptions in
the works under consideration were identified through a manual coding technique
based on the best practises of applying thematic analysis to digital maritime studies
(Bakker, 2022; Eyoetal.,2025). Third, the coded content was synthesised to produce
conceptual connexions among the three pillars of the theoretical framework, and thus
demonstrate interconnections, as opposed to discrete themes, between Al systems,
governance structures, and agency of society. The interaction between technological
interventions and human-centred stewardship was taken into consideration specifically
in the development of research themes based on the points of view expressed by
Eluri et. al (2025) and Gee (2025). This orientation makes technological innovation
a mediating variable to the socio-ecological systems rather than a deterministic
variable. Empirical studies of the concept of maritime digitalisation have emerged
to note that the achievement of the same is dependent on the availability of data,
the integration of regulations, and the empowerment of communities (Khaskheli et
al., 2025; Rengamani et al., 2019). Thus, the approach combines the experience of
regenerative intelligence frameworks (Gee, 2025), smart ocean governance (Bashir,
2024), and data-driven ocean literacy (Larkin et al., 2022), which provides a consis-
tent perspective on assessing how Al-powered systems can enhance sustainability
in the framework of inclusive governance systems.

The interpretive framework was modified to include ethical considerations
and data-integrity issues. The problems of algorithm prejudice, unequal access to
data, digital sovereignty, and exposure of communities living along the coasts to
technologically mediated governance were critically evaluated. The Al in marine
monitoring, according to Zaeri (2025) and Alam et al. (2024), ethical governance
should be integrated into the systems-thinking frameworks, which are responsive
to the local socio-economic conditions. These interests shaped the interpretive
approach of the chapter by having the conceptual synthesis informed by the sensi-
tivity to structural inequalities and the asymmetries of governance. Other sources
of literature on the topic of digital governance (Trice et al., 2021; Khaskheli et
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al., 2025) further conceptualised the methodological basis of evaluating how new
technologies transform the workings of institutions and stakeholder power. The
methodological design is adaptive in nature. Since Al-based ocean systems evolve,
interpretive qualitative approaches can offer a process to reevaluate on an ongoing
basis because technologies, regulatory landscapes, and socio-political conditions
change. Such flexibility will ensure that the chapter is able to react to new evidence
and developments as they take place. In turn, the ultimate methodological architecture
is a triangulated one, i.e., a systematic review, interpretive thematic analysis, and
conceptual synthesis across several disciplinary strands. This framework underpins
an empirically sound and methodologically consistent analysis of the development
of intelligent ocean systems and inclusive governance structures to co-evolve to
increase climate resilience, social equity and environmental regeneration, hence
providing a platform on which subsequent analytical sections can build on the sig-
nificance of these conceptual pillars as reflected in new maritime transformations.
One of the most significant changes in the modern maritime development has been
the global transformations towards digital, climate-oriented, and socially inclusive
ocean governance. This part is a critical discussion of the way artificial intelligence
(AI), big-data analytics, blockchain systems and community-centred stewardship
models redefine the blue economy. Following the contemporary literature in the
interdisciplinary area (Alam et al., 2024; Eluri et al., 2025; Bakker, 2022; Meena
et al., 2025; Bhola et al., 2025; Khan et al., 2025), it has been concluded that tech-
nological transformation is not sufficient. It is only through the incorporation of
digital innovation into fair governance frameworks, open data forms and inclusion
in the decision making process that it can result in ecological regeneration and
socio-economic resilience.

4.1 Technological Transformation: From
Reactive to Predictive Blue Governance

The idea that digitalisation is a choice that is optional has become unsustainable
in the present maritime discourse. The blue economy currently faces the growing
climate risks, declining fish stocks, widespread oceanic pollution, and growing
geopolitical demands to decarbonise. Autonomous ships, satellite-enhanced ocean
surveillance systems, machine-learning fisheries predictors, carbon management
dashboard systems, and automated port infrastructure are some of the Al-powered
predictive systems that are increasingly changing the character of maritime gover-
nance, that is, no longer being reactive by nature but anticipatory (Gesami & Nunoo,
2024; Nyangon, 2025).

Statistical data all over the world testify to this urgency:
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e  Oceans add up to about 3-6 trillion every year to the world economy (OECD
ranges).

e  Shipment of goods constitutes 90 percent of world trade (UNCTAD).
IUU fishing brings a loss of 4.3-10million tonnes per annum (FAO).
The ports emit approximately 3 % of the total GHG globally, which is caused
by vessels call and cargo processing.

These statistics explain why the old style of maritime management, which is
based on manual checkups, disjointed databases and slow reporting functions, will
no longer work. Predictive analytics using Al facilitates the measurement of coral
bleaching, prediction of hydrodynamic variations, optimisation of shipping routes
to reduce emissions, and prediction of fish stocks variation through probabilities.
Use of digital twins in a port environment strengthens the infrastructure resiliency
by simulating climate-stress environments. In such a way, Al leads to the alteration
of the maritime decision process, where the post-hoc correction will be replaced by
a real-time adaptive governance- which is a necessary development as the strength
of climate variability increases.

4.2 Transparency and Accountability through
Digital Governance Systems

The fact that the fixing power of artificial intelligence can be much deeper than
operational efficiency is beyond doubt. Bashir (2024) notes that digital oceans
promote unmatched openness and distributed accountability. Supply-chain tracking
that is verified by the blockchain improves the catch traceability, showing the vessel
movements, cargo volumes, and distribution networks in the non-changeable ledgers
(Khan et al., 2025; Suresh Babu et al., 2025). In this way, the regulatory authorities
and local cooperatives are provided with the powers to control the activity of IUU,
evaluate the ecological compliance, and verify the claims of sustainability. Similarly,
the digital-emission audits and IoT-waste-tracking systems would help ports shift
to the principles of a circular economy. Al analytics identify leaks of waste, track
emissions at terminals, and provide automatic reporting, which forms the core of
blue-finance innovations guided by blockchain traceability (Meccijenene, 2025;
Bhola et al., 2025).
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Table 2. Transparency Gains from Al & Blockchain in Maritime Governance

Governance Traditional Al/Blockchain Model Empirical Impact

Function Model

Vessel Monitoring Manual reporting Satellite-Al detection 40-60% increase in [IUU
detection

Catch Documentation Paper-based Immutable blockchain logs | Reduces misreporting by ~30%

Port Emission Periodic estimates Continuous Al-sensor Improves compliance accuracy

Tracking analytics

Waste Management Limited visibility | IoT waste-tracking systems | Enhances circular performance

Thetable explains how the use of artificial intelligence and blockchain technologies
has transformed the hitherto opaque maritime processes and made them transparent.
In the traditional governance systems, such phenomena like misreporting, loss of
data, and slow updates are adversely affecting conservation efforts. Verification
mechanisms that are anchored on Al can be used to break these negative behaviours
by removing weak linkages across the value chain. Leading to this transparency is
no longer a technological object, but rather a substantive instrument of governance.

4.3 Inclusive Governance and Community-Centred Stewardship

One of the key findings out of this discussion is that technological capability by
itself does not guarantee fair or sustainable results. Community-based governance
is also invaluable towards creating legitimacy, compliance and facilitating ad hoc
management. Participatory frameworks, thus, propose the idea of women, indigenous
people, small-scale fishers, and youth networks which can play a vested role in the
decision-making process, rather than being viewed as a passive source of data (Mee-
na et al., 2025; Eyo et al., 2025). This opinion is supported by empirical evidence:

e  MPA based on community leaders has a higher compliance rate of between
10 to 20 percent compared to the one managed by governmental authorities
alone.

e  Women make up most of the workforce in the fisheries processing sector but
do not hold any more than 15 per cent. in leaderships (FAO).

e In some areas citizen-science networks report 25-40 percent of near-shore
pollution.

The Al-assisted citizen science fills the gap between the local ecological know-
how and machine intelligence. Internal cameras can also be used by the inhabitants
of the coasts to record any illegal dredging, dumping of waste or the deaths of fish
using the mobile applications, thus complementing the satellite derived informa-
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tion. This hybrid governance system complements the granularity as well as the
legitimacy of the marine intelligence.

4.4 Workforce Transformation and Blue-Digital Skills

With the further digitisation of the maritime industry, workforce organisations are
changing accordingly. The automated cranes, Al-enabled logistic systems, predictive
maintenance, and automated navigation systems all change the job requirements.
Mohanbabu & Vettriselvan (2025a, 2025b) underline that despite the increased
productivity of these innovations, employees can be displaced unless the problem
of digital-skills gap is resolved. Female and young populations in coastal areas are
the most vulnerable to being marginalised by the new Al-driven jobs.

Table 3. Emerging Blue-Digital Skills for the Al-Enabled Maritime Economy

Skill Category Examples Rationale

Data & AI Skills Maritime analytics, ML forecasting Core for predictive governance

Cyber-Security Secure vessel/port networks Rising cyber risks in automation

Ecological Intelligence Bioindicator monitoring Links ecological and digital
competencies

Technical Digital Skills 10T, drones, autonomous systems Required for modern port operations

Social-Governance Digital ethics, community Essential for inclusive governance

Skills engagement

The skill matrix above shows that the emerging blue economy has now required
a hybridised form of knowledge-base, which is formed by technical, ecological, eth-
ical and community-oriented skills. Without a deliberate human-capital investment,
digitalisation can effectively entrench the systemic process of marginalisation..

4.5 Comparing Traditional and Al-Enabled Maritime Systems

To synthesise the conceptual transformation, the following comparative table
outlines the shift in governance philosophy:
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Table 4. Traditional and Al-Enabled Maritime Systems

Dimension Traditional Maritime Model Al-Enabled Blue Economy Model
Governance Centralised, expert-driven Distributed, participatory, data-augmented
Resource Use Linear & extractive Regenerative & circular
Workforce Manual, labour-intensive Digital-technical & ecological
Technology Role Operational support Predictive intelligence & autonomy
Transparency Limited monitoring Blockchain-verified traceability
Community Role Marginal Central to stewardship

Artificial intelligence does not only threaten the running of processes but also
questions the culture, which has guided the management structures. The traditional
hierarchies have also been replaced by data-sharing ecosystems and the model of
participative governance. Lacking a concerted effort to incorporate a voice of com-
munities, the digital systems have a risk of reinforcing the existing power inequity
rather than eradicating them.

4.6 Regulatory Gaps, Data Sovereignty,
and the Blue-Digital Divide

There are major governance risks that cannot be resolved. Khaskheli et al. (2025)
and Zaeri (2025) have also stated that autonomous vessels create legal ambiguities
in terms of fault and liability. Surveillance systems built using Al are also an ad-
ditional privacy risk, and untrained machine-learning architectures can also give
rise to algorithmic bias, such as predictions of fishing-quota that proportionately
prefer industrial fleets. The poor digital policies also threaten to disenfranchise the
indigenous knowledge, as a result of which culturally based stewardship practises
are undermined. The other significant risk is the development of blue-digital divide.
At the same time as the hi-tech economies are using Al-powered port systems,
developing seaside nations struggle with access to only basic marine information.
Devoid of institutional support across the board, this digital ocean might only rein-
force, but not reduce, the geopolitical hierarchies.

Table 5. Indicators of the Blue-Digital Divide

Indicator High-Capacity States Developing Coastal States
Satellite Ocean Data Access High Low or intermittent
Al-Driven Port Automation Widely deployed Limited to pilot stages
Ocean-Data Policies Mature Nascent

continued on following page
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Table 5. Continued

Indicator High-Capacity States Developing Coastal States
Cybersecurity Readiness Strong Weak
Digital Literacy in Coastal Communities Moderate-high Low

This gap highlights significant economic disparity in economic power and tech-
nological readiness as well as human capital. Devoid of intervention via permeable
structures and methodical capacity-building, the path of digitalisation can confer
instead of mitigating marginalisation.

4.7 Economic Value of Al-Enabled Blue Systems

In spite of the challenges outlined above, Al-based maritime systems have
significant economic potential. Smart agriculture enhances output and reduces the
occurrence of the disease; predictive vessel analytics reduce pollution and congestion
and fuel expenses (Gesami and Nunoo, 2024; Alam et al., 2024). Ports embracing
paradigms of the circular economy generate new sectors of the industry - such as
waste-to-energy, marine biomass refining, and green hydrogen bunkering - and new
jobs accompany them (Kumar et al., 2024; Verma and Sharma, 2024). Performance
of the regulated by blockchain also opens the door to sustainability-linked bonds
and ancillary blue-finance bonds. The production of ecological intelligence and
financial traceability forms the core of emergent regenerative economic models
as it predicts the net-positive ecological impacts as opposed to minimisation of
harm. The analytic project shows that the digital ocean systems can bring both
fairly distributed prosperity and ecological regeneration only in case Al innovation
is balanced with a strong sense of governance ethics, active civic engagement, and
socio-ecological accountability.

The future blue economy is, therefore, not a technology-only outcome that has
been shaped by intelligent institutional designs, participatory structures of gover-
nance, and sophisticated computational intelligence. Under these auspices, it will
be only under digital oceans that sustainable development will be supported.

Responsible Al

Inclusive policies

Equitable data governance
Community stewardship
Generative economic models.
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Unless these conditions are met, the process of digitalisation will have the risk
of reinforcing existing extractive paradigms. On the other hand, in a situation where
such premises are fulfilled, the blue economy can develop into aresilient, transparent,
as well as equitable maritime future.

5. FUTURE RESEARCH DIRECTIONS

The emerging intersection of marine intelligence, digital infrastructures and
community-focused stewardship presents both new opportunities to study, but at
the same time it reveals serious gaps, which need to be filled in order to build a
sustainable and fair blue economy. Considering the systemic characteristics of this
economy the connexion of ecology, technology, finance, governance, and culture,
future studies should not stay in the fields of research. Rather, scholarship must em-
brace multifaceted sociotechnical, ecological, legal and economic approaches that can
be used to understand the interdependence of ocean systems. One of the significant
areas that require further work is the issue of Al transparency, explainability, and
ethics in marine governance. Despite the significant potential of machine-learning
models, their behaviour on the highly variable marine environment is not well known.
The ecological interactions of coastal ecosystems are seen as non-linear, change in
species distributions and climate processes through feedbacks making it uncertain
how predictive models can be adaptive to uncertainty. The urgency is the way the
Al decision systems, including automated quota setting, ecological forecasting, or
surveillance algorithms, can be developed to avoid prioritising industrial fleets or
contributing to the maintenance of the status quo. Future research ought to examine
participatory Al validation models where the fishing cooperatives, indigenous popu-
lations and other local users of resources participate in the interpretation of training
information and assessing the model outputs thus making sure that the algorithmic
decisions are context-sensitive and socially acceptable. The other priority is the
socio-economic impact of maritime automation, especially in port and logistics.
Maritime digitalisation can bring drastic changes to the labour structure as the recent
implementations of Al-based vessel routing, crane automation, container inspection,
and customer processing have demonstrated (Mohanbabu and Vettriselvan, 2025a;
2025b). There is a need to quantify employment changes and define the new skills
demanded, as well as to create the reskilling routes, which will avoid the increasing
inequalities between the coastal people. Special consideration should be made to
the measurement of digital-capability disparities among women, youth, and artis-
anal communities -groups that are already underprivileged in the labour market in
maritime. Research projects incorporated into universities and technical institutes
of maritime might be a pilot project to introduce curriculum changes to incorporate
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Al ethics, ocean robotics, data literacy, and autonomous-systems maintenance into
basic ocean-science training.

Theissue of blue data sovereignty and digital ocean governance has to be addressed
in future studies as well. Digital ocean commons will store sensitive datasets of vessel
movements, seabed resources, biodiversity trends, and port- security systems and this
will create problems of ownership, access, and equitable sharing of digital benefits.
States and small island countries developing along the coasts are vulnerable to digital
colonialism, in case data infrastructure is defined only by technologically dominant
states or companies. The investigation is necessary concerning blockchain-based
access procedures, federated data-sharing frameworks, and multilateral ocean-data
treaties, which are in line with UNCLOS. Legal literature should also focus on the
problem of algorithmic accountability, breaches of cybersecurity in autonomous
maritime networks, and privacy limitations in satellite-based surveillance. Another
important frontier is climate resilience. With increasing disruptions, including, but
not limited to, rise in sea level, acidification, coral bleaching and extreme weather,
Al-based real-time analytics will be the core of adaptive governance. Despite the fact
that researchers like Nyangon (2025) and Gesami and Nunoo (2024) describe the
emergent applications in marine-climate intelligence, more interdisciplinary efforts
should be done to create multi-hazard Al-based coastal simulation models. These
must include socio-economic vulnerability indices, ecological stress indicators and
infrastructure fragility indicators. The co-design of such models and communities
in the coastal areas would mean that experiential, gendered, and livelihood patterns
become part of the digital resilience planning.

One new field of enquiry is the Regenerative Maritime Economics that not
only focuses on sustainability but also aims at realising the ecological renewal as
a source of economic value. Future studies must look into the ways Al can assist
in regenerative marine agriculture- seaweed farming and shellfish bioremediation,
community-owned networks of marine conservation and marine bioplastics circular
factories. Although Gee (2025) offers a primary theoretical framework of the re-
generative intelligence, empirical models of the association between technological
adoption and ecological regeneration and social equity are still developing. Pilot
studies might be carried out over long-term periods, i.e., observing how regenerative
aquaculture performance, testing carbon -negative shipping fuels, or observing bio-
diversity restoration in digitally monitored MPAs, might help. The other agenda that
is promising is the measurement of inclusive governance and ecological outcomes.
There is an indication that gender inclusivity improves sustainability outcomes
(Meena et al., 2025), but the strong comparative analysis studies are required to
measure these associations. Mixed-method research, which is a strategic blend of
both statistical modelling and ethnography, may be applied to find out the impact
of gender-balanced leadership on compliance norms, rates of innovation, and pat-
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terns of resource-use in fisheries, port management, and start-ups in the maritime.
Secondly, it is important to conduct studies to assess the fintech-enabled inclusion
initiatives such as blockchain-validated microfinance solutions to empower women
to participate in fisheries and ocean-technology initiatives (Khan et al., 2025; Suresh
Babu et al., 2025).

Digital ocean systems gaps also include scalability and interoperability. Although
numerous countries run Al-related maritime projects, not many of them have deployed
them on national or regional levels. The barriers should be based on comparative
analysis to determine the barriers based on infrastructure limitation, regulatory
fragmentation, financing constraints, and cultural resistance. Studies might come up
with national blue-Al preparedness measures of digital readiness, port-technology
maturity, ocean-data strategies, human-capability, and gender mainstreaming. System-
dynamics modelling could be also used to simulate the effect of incremental digital
upgrades on emissions, employment, ecosystem health, and economic productivity.
Lastly, blue-green digital convergence in terms of sectors should be studied in future.
Offshore wind, marine hydrogen, tidal energy, and ocean-power systems are progres-
sively connected to the grids of terrestrial renewable-energy sources, which require
the integrated optimisation procedures based on Al Circular port-energy clusters,
blockchain-based carbon-credit exchanges, and hybrid ocean-energy systems are the
ones that should be considered multidisciplinarily. A moral issue of seabed-mineral
mining, deep-sea biodiversity conservation, and ocean-carbon-crediting which is
scientifically proved requires immediate academic concern as well. Together, these
research orientations highlight the necessity of interdisciplinary, ethically justifiable,
and community-based scholarship that can help guide the shift towards a resilient,
inclusive, and regenerative ocean governance.

6. CONCLUSION

The shift towards a digitally empowered, socially inclusive yet ecologically re-
generative system, i.e., the blue economy, is one of the most impactful changes of
the twenty-first century. As it is shown across the current chapter, the intersection
between Al-based marine intelligence and community-based stewardship is not a
non-essential addition to the maritime regulation but a necessary solution to the
growing climate pressures, the loss of bio-diversity, and the structural inequalities
in the ocean-based economies. These sustainable ocean futures cannot be created by
the use of technology solely, they need the coordination of the digital capacity with
the social inclusion, ethical governance and ecological reciprocity. Ocean should
therefore not be seen as an economic frontier but as a living body of knowledge
whose wellbeing is the foundation of climate stability, food security and wellbeing
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of human beings. It was noted that the analysis revealed the importance of arti-
ficial intelligence, big-data analytics, and blockchain in changing the way ocean
resources are tracked, controlled, and replenished. Novel digital technologies, such
as automated fisheries surveillance technologies, Al-assisted port management,
and ocean-ecosystem digital twins, bring in unmatched conservation, prediction,
and supply-chain visibility power (Alam et al., 2024; Nyangon, 2025; Gesami and
Nunoo, 2024). These technologies can be used to hasten the ecological monitoring
process, aid in responding to crises related to climate change, and improve the integ-
rity of seafood and maritime logistics when properly used. However, one of the key
lessons of this chapter is that technology innovation is no temporary replacement
of fair governance. Devoid of institutional protection, citizen involvement, and
ethical standards, even sophisticated digital systems are prone to widen the current
inequalities, excluding traditional and indigenous knowledge, and enhancing control
over ocean resources. Throughout the chapter, all the evidence supported the fact
that social equity and gender inclusion were strategic forces of resilient maritime
systems, as opposed to peripheral issues. Women and coastal communities are im-
portant sources of knowledge and economic power in fisheries, aquaculture, port
logistics, and coastal tourism but they still experience institutional obstacles to
finance, technology, education and leadership. The practical experiences of Meena
etal. (2025) and Eyo et al. (2025) demonstrate that inclusive governance empowers
compliance cultures, facilitates innovation, and generates more dynamic environ-
mental results. Gender responsive budgeting in marine management, digital skills in
marine management, and co-management in marine management arrangements that
formally incorporate community leadership are therefore needed to institutionalise
the marine stewardship. Inclusion is not just a moral requirement, it is the key to
sustainability and good governance in the long term.

The strategic possibilities of circular-economy models in transforming the port
systems and maritime logistics were also pointed out in the chapter. Circularity
sees the creation of economic prosperity as a regenerative process, where the core
capabilities are renewable energy, the valorisation of waste, lean shipping and digital
traceability. Circular ports will be able to mitigate pollution, enhance competitiveness
and create new markets in biofuels, biomaterials, and blue-tech innovation, as argued
by Bhola et al. (2025) and Suresh Babu et al. (2025). Previously used as industrial
logistics centers, ports are becoming more of a laboratory of climatic action and
a center of ecological regeneration. To scale such innovations, however, will need
investment in digital monitoring, inclusive policy instruments, and financing models
that induce long-term ecological performance as opposed to short-term throughput.
The other important contribution of the chapter is that it focuses on data governance
and ocean-digital sovereignty as new spheres of strategic importance. Although digital
oceans present a chance of transformations, it also comes with threats associated
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with privacy, cybersecurity, equity, and power concentration geographically. The data
available about the ocean such as seabed structure, migration patterns, biodiversity
patterns as well as climate patterns is of invaluable strategic value. To address the
causes of digital ocean inequity, it is crucial to ensure agencies of coastal commu-
nities and the new maritime states can control their data. Since, future governance
frameworks, as Zaeri (2025) and Khaskheli et al. (2025) suggest, need to establish,
several specific accountability requirements, decentralised data-access, and safe and
interoperative sharing protocols, must be defined. Moral digital governance is key
to making sure that technological authority works in the best interest of the world
and does not monopolise local knowledge systems but instead ensures the opposite.

Finally, the chapter proves that the future of the blue economy will depend not
only on technological innovation but also on the level of leaders, the inclusivity of
governance and the ecological foresight. In a future vision of ocean governance,
there are Al systems that detect the vulnerability of coral-reef zones, blockchain
tracked sustainable catches and climate-finance payments, women-led coastal
businesses, Al-assisted marine zoning based on indigenous knowledge, and ports
that are closed-loop energy systems. This direction goes beyond sustainability to
regenerative maritime civilisation based on ocean ethics, technological humility and
collective stewardship. To actualize this vision, it will be necessary that action be
taken in harmony between technological, institutional, financial and even educational
sectors. It requires collaboration between the public and the private, international
cooperation in science and more robust institutional ability to manage more com-
plicated maritime systems. More fundamentally it demands a cultural transforma-
tion: the re-branding of the ocean as not an extractive frontier but something like
an ethical common-place of planetary health. With society engaging the ocean as
a co-evolutionary companion instead of a depository reserve, a blue economy can
be created that will not only be sustaining, it will also enrich the ecological and
human prosperity. The meeting of Al, human values, and ocean wisdom is the start
of a new era of maritime existence, where digital systems become the providers
of regeneration and not supremacy. The success of this future would require unity,
diversity, and along-term dedication to the generations who will take over the oceans
that we are shaping today.
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ABSTRACT

1UU fishing poses a serious threat to the world's marine ecosystems, with approx-
imately 20% of global fish catches being caught illegally. This situation leads to a
decrease in marine biodiversity, ecosystem degradation, and damage to local fishing
economies. Blockchain technology stands out with its transparency, immutability,
and decentralization features as a solution to this problem, where traditional control
methods are inadequate. This study aims to develop a blockchain-based marine
resources tracking system that provides end-to-end traceability of the fishing supply
chain. The system records data such as location, time, boat, and fisher information
of the fish caught in an immutable manner, allowing consumers to verify the origin
of the seafood they purchase. The contribution of the system developed within the
scope of the study to the protection of marine ecosystems, the prevention of illegal
fishing, and the development of strategies for its adoption throughout the sector
will be evaluated, and a concrete digital infrastructure model will be presented.

INTRODUCTION

Illegal, unreported, and unregulated fishing stands out as one of the most serious
environmental problems threatening global marine ecosystems. Illegal fishing is
becoming increasingly serious worldwide. Illegal fishing leads to negative conse-
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quences such as a decrease in biodiversity, disruption of ecosystem balance, food
security of coastal communities, and the seizure of economic livelihoods. Although
traditional surveillance tools such as VMS and AIS offer significant contributions to
the solution of this problem, they have serious limitations in terms of transparency,
accessibility, and real-time intervention capacity.

Despite international agreements and technological advances, the lack of data
integrity, independent auditing, and effective enforcement mechanisms in existing
surveillance infrastructures is striking. In this context, blockchain technology emerg-
es as a strong alternative solution to the traceability problem in the fishing sector
with its structural features such as immutability, transparency, and decentralization.
Blockchain ensures that transactions are verifiably recorded in the entire supply chain
from catch to consumer, thus preventing illegally caught products from entering
legal markets. However, the potential of blockchain-based systems for real-time
auditing and rule enforcement in this area has not yet been sufficiently evaluated.

This study aims to close the existing gaps in traceability and regulatory compliance
by designing a blockchain-based marine resources tracking system. The developed
system can automatically audit legal regulations such as fish species, geographical
location, catch dates and daily quotas through smart contracts and block transactions
in case of violation and create an event record. Supported by the Python interface
and Web3.py interaction protocols, this structure provides user-friendly access while
also providing technological integration capability.

In this respect, the study does not limit auditing to passive data recording only,
but also demonstrates the applicability of proactive digital auditing systems. At the
same time, it contributes to the support of sustainable fisheries with digital trans-
formation by offering a digital alternative to the limitations of VMS/AIS systems.
The model presented by the research not only contributes to academic literature but
also aims to provide a functional and expandable digital monitoring infrastructure
for policymakers and implementing institutions.

The solution proposed in this study addresses data integrity, independent audit-
ing, and effective enforcement gaps in existing infrastructures, including a feature
set that enforces rules on-chain through smart contracts and event logging. Indeed,
the expected impact is to transition from passive logging to proactive auditing,
strengthening traceability and institutional accountability. This impact will be mon-
itored through in-system metrics. This can be observed through the blocking rate
of violating transactions, the consistency of the accompanying event logs, and the
reduction in detection and response time during compliance audits. The success-
ful implementation of the application will be achieved when it is implemented in
conjunction with governance principles, such as a clear definition of institutional
authority and data responsibilities, the establishment of authentication and role-
based access, and the preservation of a balance between privacy and transparency.

52



Mochamad Maoc

klas (mochamadmochklas@ Downloaded: 12/15/2025 10:59:37 PN
1GI Global Scientific Publishing Platfarm P Address: 103 11

BACKGROUND

Illegal, Unreported and Unregulated (IUU) fishing has become one of the most
serious environmental and economic problems threatening global marine ecosys-
tems. According to the Food and Agriculture Organization of the United Nations
(FAO), one in five fish worldwide is caught illegally, which not only endangers the
survival of marine species but also directly impacts the food security and liveli-
hoods of coastal communities (Pratiwi et al., 2024). Scientific studies have shown
that illegal hunting activities are particularly concentrated in areas with low control
capacity, such as tropical regions, Southeast Asia, and the coasts of Africa, causing
rapid depletion of fish stocks and disruption of ecosystem balance in these regions
(Drammeh, 2000; Ndiaye, 2011).

The environmental impact of IUU fishing is multifaceted. Illegal fishing and
overfishing, especially of highly valued species such as the Patagonian toothfish,
are causing drastic depletion of their natural stocks and threatening the survival of
predator species higher up the food chain (Collins, 2008). In addition, illegal fishing
uses fishing practices that are utilized for the destruction of important habitat such
as coral reefs and sea grasses, thus causing the collapse of target fish and even entire
ecosystems (Barbosa-Filho et al., 2020).

Along with this environmental degradation, the social and economic consequenc-
es are also significantly negative. Fish is the main source of protein for people in
deprived countries, and illegal fishing hurts local communities, jeopardizing food
security (Lestari et al., 2020). Not only is this threatened by nutritional problems
but also affects people's jobs. Small-scale fishers cannot compete with pirate fishing
boats that illegally procure cheap and large amounts of fish. This leads to job loss,
poverty, and social problems among coastal communities (Suherman et al., 2020).
In addition, some illegal fishing is conducted by organized criminal groups and
leads to serious human rights abuses like modern slavery and forced labor (Longo
etal., 2021).

To prevent this situation, states use traditional control tools such as port state
controls, regional fisheries management organizations, and satellite monitoring
systems. However, these systems are often inadequate and cannot provide effective
control, especially in cross-border waters and in areas where control opportunities
are limited (Bethel et al., 2021; Busilacchi et al., 2018). International agreements,
especially the Port State Measures Agreement (PSMA), although they seem effective
in theory, have shown limited success in many countries due to insufficient control
capacity and political will in practice (Hagan, 2014).

This is where blockchain technology stands out as a digital solution. The im-
mutable, transparent, and decentralized structure of blockchain allows every stage in
the fishing supply chain to be recorded, from the moment of catch to the consumer.
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This prevents illegally caught fish from mixing with legal markets and enables
consumers to directly verify the source of the product (Pratiwi et al., 2024). Block-
chain infrastructures that work integrated with carding systems and certification
applications implemented in regions such as the European Union can also stop the
flow of illegal products in foreign trade by providing automatic control at customs
(D. E. Kim & Lim, 2024).

Inlight of all these assessments, it is clear that [UU fishing is not only an environ-
mental threat but also a multifaceted problem that creates crises in many dimensions,
such as human rights, economic justice, global food security, and maritime security.
In solving this problem, the transparency and traceability offered by blockchain-
based digital systems are a strong and sustainable alternative to close structural
gaps that cannot be resolved with traditional methods. However, in order for these
technologies to be successful, it is critical that they are supported by international
policies, legal infrastructures are strengthened, and local stakeholders are included
in the process. Only with this holistic approach can it be possible to permanently
eliminate the damage that illegal fishing causes to nature, people, and the economy.

COMBATING ILLEGAL, UNREPORTED,
AND UNREGULATED FISHING

lllegal, Unreported, And Unregulated Fishing as a Global Threat

IUU fishing has been identified by FAO as a serious threat to the sustainability of
global marine resources since the 1990s (Food and agriculture organization, 2001).
The devastating effects of these activities on marine ecosystems and food security
have necessitated comprehensive measures at the international level (Lee et al.,
2014). In this context, the International Plan of Action to Combat Illegal, Unreported
and Unregulated Fishing (IPOA-IUU), adopted by FAO in 2001, provided the first
holistic policy framework at the international level to combat this threat (Food and
agriculture organization, 2001). IPOA-IUU has detailed the responsibilities of states
as flag states, port states, and coastal states, and has emphasized the importance of
measures such as technological monitoring systems and data sharing (Sodik, 2008).
This document has also served as an important roadmap to combat IUU fishing
through monitoring, surveillance, and control (MCS) mechanisms implemented
by regional fisheries management organisations (RFMOs) (Palma-Robles, 2009).
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Evolution of Monitoring and Tracking Systems: VMS and AIS

Vessel Monitoring System (VMS) and Automatic Identification System (AIS),
two basic systems developed for the sustainable management of fishing activities
and effective combat against I[UU fishing, form the basis of surveillance and mon-
itoring technologies in the maritime field.

VMS was initiated in the 1990s, managed by the European Union, and allows
the real-time reporting of the satellite-determined position, speed, and direction of
fishing vessels to monitoring authorities. The system utilizes satellite communication
systems like Inmarsat, Argos, or Iridium for automatic reporting of data at regular
intervals. With this, the movement patterns of the vessel can be examined, and fishing
activity and behavior within allowed zones can be tracked. In the early 2000s, the
use of VMS devices was made compulsory on all fishing vessels 15 meters and more
in length within the European Union, and the system also enhanced efficiency in
monitoring as well as resource management (Chuaysi & Kiattisin, 2020a; Longépé
et al., 2018). In the USA, NOAA utilizes VMS systems in the Pacific and Atlantic
fleets and combines them with quota and area-based management solutions, partic-
ularly for specific species (Gaspar et al., 2021; Y. H. Kim et al., 2014).

AIS is a system initially developed by IMO for maritime safety and collision
prevention purposes and made mandatory for all commercial ships over 300 GT
with the SOLAS (Safety of Life at Sea) agreement in 2002. Operating over VHF
radio frequencies, AIS continuously broadcasts information such as the ship's
identity (IMO number), location, speed, and route. The most important feature of
AIS is that it is an open-access system. In this way, not only state authorities but
also non-governmental organizations, academic research teams, and global data
platforms (e.g., Global Fishing Watch, Marine Traffic) can analyze AIS data. This
transparency plays an important role in the disclosure of IUU fishing and the pro-
tection of resources (Tetreault, 2005). In addition, by processing AIS data with big
data technologies, ship behavior patterns can be extracted, and illegal fishing trends
can be detected (Han et al., 2025).

Both systems possess pros and cons. VMS offers more secure and timely infor-
mation, which makes it easier for the authorities to handle things more effectively.
This is more convenient for the imposition of inspections and penalties. Its informa-
tion is not publicly accessible. AIS is a better system for research and cooperation
on an international level since it provides information more frequently and is open
in nature. However, AIS openness also presents the possibility of abuse (e.g., false
signals) (Shepperson et al., 2018). For this reason, the majority of countries are
incorporating VMS and AIS systems to run alongside one another, constituting a
multi-layered system for tracking as well as controlling maritime operations (D. E.
Kim & Lim, 2024).
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Technologies for monitoring ships, including the VMS and AIS, have gained
global widespread application; however, there are great variations in application
based on the inspection capacity of nations, their technological infrastructure, and
political will. The European Union (EU), a pioneer region in this arena, mandated the
fitting of VMS on fishing vessels longer than 15 meters from 2000 to 2005 (Longépé
et al., 2018). The United States of America (USA) has been installing VMS and
AIS in various areas with varying uses since 2003, introducing these technologies
to coastal and offshore fleets, notably under NOAA’s leadership (Tetreault, 2005).
In comparison, Canada implemented VMS primarily for specific kinds of fisheries
in the 2000s, which involved more restricted use of the system.

Indonesia has developed a model policy on transparency, which mandates the
use of VMS by big fishing vessels starting from the year 2018. Apart from this, the
data is made available publicly (Longépé et al., 2018). Norway has been using an
overarching approach to monitor all merchant ships by combining AIS and radar
data since 2005. The system is very successful in terms of maritime security and in
the fight against IUU fishing (Shepperson et al., 2018). In Tiirkiye, with the Fish-
eries Regulation, VMS has been made compulsory for fishing vessels longer than
12 meters, as of 2009. This application is a significant move in Turkey's accession
to regional fisheries management arrangements. Such discrepancies mirror not just
the technological capacities of the nations involved but also the value they place
on sustainable fishing, their policies of transparency, and the stringency of their
regulating mechanisms (Gaspar et al., 2021).

While technological solutions such as Vessel Monitoring Systems (VMS) and
Automatic Identification Systems (AIS) are useful instruments to address Illegal,
Unreported, and Unregulated (IUU) fishing, such solutions in themselves are inade-
quate to fully eliminate the practice. Chief among the reasons is that the coverage of
VMS systems is limited to authorized entities only, thereby excluding civil society
organizations and independent monitoring, consequently constraining transparen-
cy and public accountability (Chuaysi & Kiattisin, 2020b). Whereas AILS systems
provide a more open architecture, the potential for easy deactivation of equipment
or intentional interference with signals “dark vessels” severely reduces the utility
of this system (Welch et al., 2022). Furthermore, latency in transmission makes
it difficult to implement real-time interventions, and thus undermines deterrence
(Longépé et al., 2018).

Weaknesses at the legal and political level also constitute another important
problem. While the sharing of authority in international waters is not clear, flag
state practices are abused. In particular, the preference for flags of countries with
low controls (flag of convenience) causes IUU activities to become widespread
(Doherty et al., 2021). International agreements such as the PSMA are not suffi-
ciently implemented by many developing countries (Phuong & Pomeroy, 2023).
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Data integrity and traceability issues in the supply chain also create weaknesses in
the fight against IUU fishing. Manipulation of documents in ports, uncertainty of
cargo exchange points, and the inability to link VMS data to invoices or transaction
documents prevent transparent chain control (Brown et al., 2024).

Although existing surveillance and tracking systems used in the literature to
combat [UU fishing have made significant contributions, some fundamental de-
ficiencies limit the effectiveness of these systems. First of all, the independent
management of AIS, VMS and port data causes discontinuities and lack of data
integration in the fishing supply chain (Chuaysi & Kiattisin, 2020b). Additionally,
VMS data is largely kept private, even between states, which is a major problem
that hinders international cooperation and transparency (Doherty et al., 2021). Al-
though it is possible to detect illegal activities with existing technologies, the fact
that these detections cannot be translated into rapid and effective legal or physical
interventions represents another weakness in the implementation phase (Longépé
et al., 2018). Another deficiency that is increasingly emphasized in the literature is
that blockchain-based systems are not sufficiently applied in product tracking and
certification processes (Abou Jaoude & George Saade, 2019; D. E. Kim & Lim,
2024). Finally, although Al-supported detection methods are theoretically promising,
especially in the fields of image processing and anomaly analysis, they have not yet
been integrated into large-scale systems (Brown et al., 2024).

This study proposes a solution to the gaps mentioned above, develops a blockchain-
based distributed architecture, and proposes a reliable recording infrastructure
that is impervious to manipulation, unlike centralized data structures. The system
automatically detects rule violations through smart contracts and instantly notifies
relevant stakeholders. This feature shows that not only passive monitoring, but also
proactive intervention mechanisms can be implemented. Simulation results have
demonstrated the success of the system in terms of data integrity, transparency, and
rule application consistency, and it has also confirmed its potential to transform into
amulti-layered marine monitoring infrastructure in the future with analysis modules
and VMS/ALIS integrations.

METHODOLOGY

This study aims to develop a traceability-based blockchain system to prevent
IUU fishing and to test this system in a simulation environment. The developed
system works with real-time data recording, rule-based control mechanisms, and a
smart contract infrastructure that can generate automatic warnings (alerts) in case of
violations. In this context, the components of the system, the tools used, the testing
process, and verification mechanisms are explained in detail below.
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System Components and Architecture

The developed system consists of four main components: (1) a Python interface
thatreceives data from the user, (2) smart contracts that manage the catch records and
audit rules, (3) an Ethereum-based blockchain environment running on the Hardhat
local network, and (4) chain data where the system outputs are recorded. An archi-
tecture that visualizes the overall operation of the system is presented in Figure 1.

Figure 1. Blockchain-based system architecture

localhost:8545 ‘
A 4

2 Solidity 1

L Smart Contract @

VesselQuota.sol
-Rules
-Catch Records

In this architecture, the hunting data received from the user is sent to smart con-
tracts via Python, and the contracts both record this data and compare it with the
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rules to check for possible violations. All transactions are stored on the blockchain
in an unchangeable manner and archived with a timestamp.

Development Environment and Technological Infrastructure
Open-source, blockchain-compatible tools were preferred during the development
process. Hardhat was used for writing and testing smart contracts, and the Python

programming language and Web3.py library was used on the interface side. The
system is structured with the components in Table 1.

Table 1. Tools used for system development

Component Description / Version
Node.js JavaScript runtime
Hardhat Smart contract framework (v2.20.0)
Solidity Contract language (v0.8.28)
Python Interface language (v3.10+)
Web3.py Ethereum interaction (v6.x)

The local development environment was created with the npm init command,
then Hardhat installation was performed with the commands in Code 1. The com-
pilation of smart contracts was performed with the npx hardhat compile command.

Coding and Simulation

This section describes the step-by-step coding and simulation process of the
proposed blockchain-based traceability system. Smart contracts were deployed and
tested on the Hardhat native Ethereum network. Through the Python interface, catch
data was transmitted to the smart contracts and queried from the chain. How the
system works, how rule checking and data immutability are ensured, are demon-
strated practically with code blocks.

Table 2. Code I1- Hardhat Installation

Code npm install --save-dev hardhat

Output Compiled 3 Solidity files successfully

One of the developed contracts, FishTrace.sol, was deployed to the local Ethe-
reum network (localhost:8545) with the command in Code 2.
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Table 3. Code 2- Native Ethereum Network Deployment

Code npx hardhat run scripts/deploy-fishtrace.js --network localhost

Output Deployed FishTrace to: 0xDc64al40Aa3E981100a9becA4E685f962f0cF6C9

This address was used by assigning it to the contract_address variable in the
main2.py script on the Python side. The Hardhat local network provides 20 default
test accounts. Since these accounts are “unlocked” by default, they allow direct
transactions to be sent without signing. Thanks to this structure, the system's testing
operations were carried out quickly and securely.

Smart Contract Design and Interaction with Python

The first smart contract developed, FishTrace.sol, is designed to record and
track basic fishing data on the blockchain. Through this contract, information such
as fish species, location information, the fisherman’s name, and the vessel ID for
each catch record is stored on the chain in an immutable manner. These records
allow for transparent and auditable product tracking throughout the supply chain.

The data recording process in Code 3 is performed through the registerCatch()
function defined in the contract. The function takes four basic parameters: fishType,
location, fisherName, and vessellD. This information is automatically timestamped
with block.timestamp and stored on the chain.

Table 4. Code 3- Function that provides data logging in FishTrace.sol contract

function registerCatch(

string memory fishType,

string memory location,

string memory fisherName,
string memory vessellD

) public {
fishRecords.push(FishRecord({
fishType: fishType,

location: location,

timestamp: block.timestamp,
fisherName: fisherName,
vessellD: vessellD,

processor: “",

distributor: ",

market: “",

consumer: “"
completed: false

D)

}
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To provide external system interaction with this contract, the Python language
and the Web3.py library were used. In the main2.py file, which is a Python script,
the data received from the user was directly transmitted to the contract, and the
registration process was initiated. Code 4 includes the registration process using
sample data. As a result of this process, a record was added to the chain in line with
the data sent to the contract, and the process was completed successfully.

Table 5. Code 4- Python code that performs data recording in main2.py

tx = contract.functions.registerCatch(
“Mackerel”,

“Black Sea Coast”,

“John Fisher”,

“VESSEL-001"

).build_transaction({

“from”: account,

“gas”: 2000000,

“gasPrice”: w3.to_wei(“1”, “gwei”),

“nonce”: w3.eth.get_transaction_count(account)
D)

tx_hash = w3.eth.send_transaction(tx)

receipt = w3.eth.wait_for_transaction_receipt(tx_hash)
print(f” Fish catch recorded. Transaction: {tx_hash.hex()}”)

Code

Output Fish catch recorded. Transaction: Ox1d402abea31f3ac6801e9e39b5fa...

To verify the record, the record on the blockchain can be queried using the get-
FishRecord() function defined in the contract. This function in Code 5 returns the
data corresponding to the record number to the user.
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Table 6. Code 5- Reading registered fish data from blockchain

data = contract.functions.getFishRecord(0).call()
print(“\n Fish Trace Record:”)
print(f"Type: {data[0]}"”)
print(f’Location: {data[1]}”)
print(f’Timestamp: {data[2]}”)
print(f”’Fisher: {data[3]}")
print(f”Vessel ID: {data[4]}")
print(f’Processor: {data[5]}”)
print(f’Distributor: {data[6]}”)
print(f”"Market: {data[7]}”)
print(f’Consumer: {data[8]}")
print(f’Completed: {data[9]}")

Code

Output Fish Trace Record:
Type: Mackerel
Location: Black Sea Coast
Timestamp: 1716409183
Fisher: John Fisher
Vessel ID: VESSEL-001
Processor:
Distributor:
Market:
Consumer:
Completed: False

When the above code is run, all information about the relevant record is pre-
sented to the user on the terminal screen. Thanks to this structure, the system not
only records data; it also allows this data to be stored and tracked in an auditable
manner. The record structure in question provides a tracking function in accordance
with the principles of reliability and transparency at every stage of the supply chain.

Rule Based Control Mechanism

The second main smart contract of the system, VesselQuota.sol, was developed
to ensure that fishing vessels fish within the specified legal limits. This contract
allows for the definition of rules specific to each vessel and the automatic auditing
of these rules by comparing them with the catch records. When a transaction against
the rules is detected, the system cancels the transaction (reverts) and records the
violation by issuing an event called Alert on the chain.

Defining a Rule
The rules that will be valid for each boat are defined via the addRule() function.
These rules, given in Code 6, include variables such as valid date range (startDate,

endDate), allowed fish type (fishType), geographical limits (minLat, maxLat, min-
Long, maxLong), and daily maximum catch amount (dailyLimit).
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Table 7. Code 6- The addRule() function which defines boat-specific rules

function addRule(
string memory vessellD,
string memory fishType,
uint256 startDate,
uint256 endDate,
int256 minLat,
int256 maxLat,
int256 minLong,
int256 maxLong,
uint256 dailyLimit
) public {
vesselRules[vessellD] = Rule({
fishType: fishType,
startDate: startDate,
endDate: endDate,
minLat: minLat,
maxLat: maxLat,
minLong: minLong,
maxLong: maxLong,
dailyLimit: dailyLimit });}

Thanks to this structure, rules can be defined for different geographical areas and
different types of fish for each boat. Once the rules are recorded on the blockchain,
they cannot be changed from the outside.

Rule Control and Data Recording
Catch records are performed with the recordCatch() function. Before recording
data to the chain, this function compares the entered data with the rules previously

determined with the addRule() function. The function structure that performs this
operation is included in Code 7.
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Table 8. Code 7- Rule control and suspension of processing in case of violation

function recordCatch(

string memory vessellD,

string memory fishType,

int256 latitude,

int256 longitude,

uint256 weight

) public {

Rule memory rule = vesselRules[vessellD];

require(block.timestamp >= rule.startDate && block.timestamp <= rule.endDate, “Invalid date”);
require(keccak256(bytes(fishType)) == keccak256(bytes(rule.fishType)), “Invalid fish type”);
require(latitude >= rule.minLat & & latitude <= rule.maxLat, “Invalid latitude”);
require(longitude >= rule.minLong & & longitude <= rule.maxLong, “Invalid longitude”);
require(dailyCatch[vessellD ][ getToday()] + weight <= rule.dailyLimit, “Daily quota exceeded”);

dailyCatchfvessellD][getToday()] += weight;
emit CatchRecorded(vessellD, fishType, latitude, longitude, weight, block.timestamp); }

If any of the above rules are violated, the transaction is stopped (reverted) with
the require command before it is written to the chain, and the violation is detected.
In this way, an automatic audit is performed at the contract level.

Violation Scenario

In order to verify the ability of the developed smart contract to perform com-
pliance audits, a special test script called test-violation.js was created and various
scenarios were systematically simulated through this script. This testing process
is critical to assess whether the contract correctly recognizes violation scenarios.

The scenarios covered in the simulations include the following situations:

e Performing fishing activities outside the allowed time intervals: It is expected
that every fishing operation performed outside the fishing periods specified
in the smart contract will be rejected by the system. In this way, seasonal
sustainability principles are preserved.

o Transactions with a fish other than the defined species: Transactions can only
be made with predefined and allowed fish species in the system. In case of
any data entry other than these species, the contract's verification mechanism
is activated and cancels the transaction.

e Fishing outside the defined geographical boundaries (e.g., lat-long coordi-
nates): Geographic boundaries are determined by locational parameters fixed
in the contract. Data of vessels fishing outside these boundaries are rejected
without being recorded on the chain. One of the sample scenarios where this
situation is tested is covered in the test called Code 8. In the relevant test,
an attempt was made to record fishing with a coordinate outside the defined
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area, and as expected, the system considered this transaction invalid. When
the test is run, the transaction in question is not recorded in the chain; an error
message automatically generated by the contract is displayed in the terminal.

e  Exceeding the daily catch quota: The maximum amount that can be caught
per day for each boat is limited. In case of a transaction exceeding this limit,
the contract considers this situation as a violation and does not record the
relevant transaction.

These scenarios clearly show that the system only approves and records valid
and legal fishing activities in the chain; violations are detected and rejected. Thus,
the effectiveness of the system in terms of both data security and compliance with
sustainability principles has been tested.

Table 9. Code 8- Violation scenario in the test-violation.js script

await vesselQuota.addRule(“VESSEL-001”, “Hamsi”, start, end, 40, 45, 30, 35, 100);
Code await expect(
vesselQuota.recordCatch(“VESSEL-001”, “Hamsi”, 50, 50, 20)
).to.be.revertedWith(“Invalid latitude”);
Output Error: VM Exception while processing transaction: revert Invalid latitude

This mechanism ensures that all transactions that violate the rules are stopped
at the chain level and violations are documented with log records. In addition, the
contract includes an event definition called Alert, which can be triggered at the time
of the violation and tracked by external systems.

Simulation and System Outputs

The functionality of the developed system and the correctness of the rule-checking
mechanisms were tested on a local simulation environment. In the simulation pro-
cess, the Ethereum test network (localhost:8545) provided by Hardhat was used, and
all transactions were performed on this network. This network provides 20 default
test accounts, and since each of them has unlimited test Ether, transactions can be
carried out without requiring signing.

Daily Catch Record and Total Catch Quantity Inquiry
The main.py script developed on the Python side transmits the amount of fish

received from the user to the SmartFishing.sol contract and queries the total daily
catch. Code 9 ensures that a 25 kg catch record is transmitted to the contract. When
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this code block is run, first the record is recorded on the chain via the recordCatch()
function, then the daily total is queried with the getCatch() function.

Table 10. Code 9- Hunting record and total query process in main.py

def record_catch(amount_kg):
nonce = w3.eth.get_transaction_count(account)
tx = contract.functions.recordCatch(amount_kg).build_transaction({
'from': account,
'gas": 2000000,
'gasPrice": w3.to_wei('l", 'gwei'),
'nonce': nonce
b
Code tx_hash = w3.eth.send_transaction(tx)
receipt = w3.eth.wait_for_transaction_receipt(tx_hash)
print(f” {amount_kg} kg of fish recorded. Tx hash: {tx_hash.hex()}”)

def get_today_catch():

today = int(time.time() // (24 * 60 * 60)) # UTC day number
catch = contract.functions.getCatch(account, today).call()
print(f” Total catch for today: {catch} kg”)

25 kg of fish recorded. Tx hash: Oxd87e4dff28falc78...
Total catch for today: 25 kg

Output

This result shows that the system successfully performs both registration and
query operations. The user can verify only their total catch amount each day from
the blockchain with the getCatch() function. This mechanism makes it easier to de-
tect limit exceedances of the registrations made on behalf of the same boat or user.

Recording and Event Tracking with Timestamp
All records are automatically timestamped with the block.timestamp parameter.
Thanks to this mechanism, each catch record is recorded in the chain with not only

the quantity and location, but also the time it occurred. Code 10 shows how this
timestamp is used in FishTrace.sol.

Table 11. Code 10- Adding the catch record to the blockchain with a timestamp

Code timestamp: block.timestamp

Output Timestamp: 1716409183

This record is then delivered to the user when queried via the getFishRecord()
function. This process demonstrates that the system maintains record integrity
and is transparent to external audits. This value can be converted to date and time
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format in external systems such as data visualization dashboards. This allows time-
based analysis of records.

Events Generated in the Chain
In case of a violation, an event called Alert is triggered in the VesselQuota.sol

contract. These events can be captured by blockchain listeners and integrated into
instant alert systems. For example, an event definition like in Code 11 is used.

Table 12. Code 11- Event declaration in VesselQuota.sol

event Alert(string vessellD, string reason, uint256 timestamp);

Thanks to this structure, violations can be transmitted not only as transaction
reversals but also outside the system in log format. This transforms the system into
a decentralized control mechanism.

Key Management, Security and Restrictions

The security and integrity of the developed blockchain-based system are provided
through both the immutable structure of Ethereum and the rules of smart contracts.
In this section, the key management policy implemented in the test environment,
security advantages, and current limitations of the system are discussed.

Key Management and Transaction Authorization

The Hardhat local network used in the simulation environment provides 20 default
test accounts. These accounts work in an unlocked form to send transactions on the
chain and do not require a separate private key management. This structure offers
developers an easy and fast testing opportunity without a transaction signing process.

In Code 12, the Python command used as an example of this situation shows
direct transaction sending without using any private key.

Table 13. Code 12- Sending unsigned transactions in a test environment

tx_hash = w3.eth.send_transaction(tx)

This command allows transactions to be made on the test network by specifying
only the from address. The from statement identifies the account that sent the trans-
action. Normally, to send a transaction in blockchain systems such as Ethereum, the

67



Mochamad Maoc

1klas (mochamadmochklas@ Downloadad: 12/15/2025 10°59:37 BN
1G] Global Scientific Publishing Platform P Addrass

transaction must be digitally signed with the private key of this account. However,
in local test networks such as Hardhat, since test accounts are provided unlocked
by default, transactions can be made directly without having to access the private
keys of these addresses. In other words, the transaction can be sent to the network
by specifying only the from address with the send_transaction(tx) command. This
is not possible in real networks for security reasons and is a convenience that is only
valid in local simulation environments.

Implementation Differences in Real Networks

In case the developed system is integrated into the real Ethereum network or
special blockchain infrastructures by removing it from the local simulation environ-
ment, various technical arrangements will be needed. First of all, to securely sign
every transaction to be performed in real networks, private keys belonging to the
user must be used, and it is of great importance that these keys are stored securely.
In addition, service providers such as Infura, Alchemy, or specially configured RPC
endpoints can be used to connect to a decentralized node network instead of a local
network. To provide such a connection, an HTTPS-based node connection must
be defined via the Web3 client as given in Code 13, and access must be provided
through this structure. While these changes enable the system to work on a decen-
tralized network, they will also allow a more advanced structure to be provided in
terms of security, performance, and scalability.

Table 14. Code 13- Node provider example for real network

w3 = Web3(Web3.HTTPProvider( “https://mainnet.infura.io/v3/YOUR_PROJECT_ID”))

In real networks, every transaction sent incurs a gas cost and cannot be reversed
once recorded on the chain. Therefore, additional measures are required for record
accuracy, secure authentication, and data integrity.

RESULTS

In this study, the blockchain-based traceability system developed to prevent
IUU fishing has demonstrated its potential to provide transparency, reliability, and
digital audit capacity in the seafood supply chain. The system undertakes the basic
data recording function with the smart contract called FishTrace.sol, where infor-
mation such as fish species, location, catch date, fisherman name, and vessel ID is
recorded on the chain. These records are stored in an unchangeable manner due to
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the structure of the blockchain, and each transaction is archived with a timestamp.
This feature prevents data manipulation, ensures the accuracy of the records, and
provides verifiable evidence for external audit bodies.

The second component of the system, the VesselQuota.sol contract, allows the
definition of geographical, temporal, and species-based fishing rules specific to
each vessel and the automatic auditing of these rules. During the simulation pro-
cess, fishing attempts against the determined rules were canceled (reverted) by the
system without being recorded on the chain, and these violations were recorded as
events on the blockchain. Thus, the system functioned not only as a passive record-
ing infrastructure but also as an active auditing and breach detection mechanism.

The user interface developed in Python successfully performed both data record-
ing and querying operations by interacting with smart contracts via Web3.py. Each
catch record entered by the user was sent to the chain, and then performance tests
were conducted by querying the total daily catch amount. The outputs obtained in
the tests revealed that the system has a high capacity for simultaneous transaction
execution and verification.

In addition, the fact that the transaction history can be traced retrospectively with
the timestamps recorded in the chain made it possible for both regulatory institutions
and consumers to establish trust at every step of the supply chain. The Alert event
mechanism defined in the system provides a warning infrastructure that can be used
for integration with external systems in the event of a potential breach. This feature
forms the basis of decentralized digital audit systems.

However, it should be noted that the system currently only works on a local
test network (localhost:8545), does not have a graphical user interface (GUI), and
does not integrate the private key management and RPC connections required to
work on real networks. These limitations limit the applicability of the system on an
industrial scale; however, it is anticipated that these limitations can be overcome as
the development and integration process continues.

This developed system effectively uses the immutability, transparency, and de-
centralization advantages offered by blockchain technology, providing traceability
in the seafood supply chain and providing a viable digital solution in the fight
against IUU fishing.

CONCLUSION AND DISCUSSION

This study presents alternative solutions that digital technologies can provide
against the shortcomings of traditional methods used in combating [UU fishing
through a comprehensive model. Traditional monitoring and tracking systems, such
as VMS and AIS, which are widely included in the literature, provide significant
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contributions in terms of location and fleet tracking, but face some serious limita-
tions in practice. In particular, the fact that AIS signals can be easily disabled and
VMS data can only be accessed by authorized authorities causes these systems to
be weak in terms of public control and transparency (Chuaysi & Kiattisin, 2020b;
Welch et al., 2022).

The developed blockchain-based system is designed to compensate for the short-
comings of these traditional methods. Blockchain technology, which is decentralized
and provides equal access among stakeholders, significantly reduces the limitations
of existing systems by making the entire process transparent and verifiable. As stated
by Kim & Lim (2024) blockchain-based traceability systems not only keep records
of fishing activities but also play an important role in preventing counterfeiting
and ensuring food safety by covering all stages from processing to distribution and
delivery of products to the end consumer.

One of the most critical features of the blockchain infrastructure used in this
study is that the data is immutable. Since it is not possible to delete or change the
data once entered into the chain, this significantly increases the security and integ-
rity of the records (Pratiwi et al., 2024). Each transaction performed in the system
is automatically sealed with a timestamp (block. timestamp), and the chronological
accuracy of the transactions is ensured. Thus, all data in the chain can be openly
audited by third parties, and the principle of transparency is effectively supported
throughout the system.

Thanks to the smart contracts developed in the study, hunting activities are
subject to automatic auditing by comparing them with the determined rules. As
emphasized in the studies of (Longépé et al., 2018) and Brown et al. (2024), it is
not only sufficient to detect illegal activities, but also to be able to stop these activ-
ities immediately is of critical importance. In this direction, the system developed
automatically detects and stops rule violations through smart contracts and brings
the concept of “proactive digital audit systems”, which have limited application in
the literature, into practice.

In addition, a large part of the existing systems stores fishing data centrally,
which makes the data vulnerable to manipulation (Chuaysi & Kiattisin, 2020b). The
blockchain infrastructure developed within the scope of this study ensures that data
is stored securely and transparently, thanks to its decentralized, distributed structure.
In addition, the system proactively informs controllers and stakeholders with an
event-based notification mechanism in case of possible violations.

Despite all these advantages of the system, some technical and operational
limitations should also be taken into account. Currently, the system has only been
tested in a local simulation environment and has not yet been integrated into private
blockchain infrastructures via the real Ethereum network or RPC providers such as
Infura. In this context, the performance, cost, and scalability issues that the system
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will encounter in real-world applications still require evaluation. In addition, the
lack of a graphical user interface (GUI) and the fact that IPFS-based long-term data
storage solutions have not yet been integrated to limit the usability of the system
for end users.

In the future, with the elimination of these limitations, the integration of the
system with real-time VMS/AIS data and Al-supported analysis modules will play
a critical role in the creation of comprehensive marine monitoring and security in-
frastructure. Thus, the system will create a model that encourages the effective use
of digital transformation tools in the transition to sustainable fishing.

The proposed traceability and proactive auditing approach is structurally aligned
with SDG 14's objectives of sustainable fishing, combating illegal fishing, and
protecting marine ecosystems. The immutable records and auditable event streams
provided by the study supportevidence-based decision-making processes in port and
market inspections, increasing transparency and contributing to food security. Thus,
the model enhances policy implementation and provides a governance framework
that is consistent with the objectives of the blue economy.

This blockchain-based system offers a strong digital solution in critical areas
such as data security, transparency, and system integrity in the fight against [lUU
fishing and signals that it can be ready for large-scale use with more advanced
integrations in the future. This study strengthens the role of digital technologies in
marine resource management and proves the digitally supported applicability of
sustainable fishing policies.

A limitation of this study is that the evaluations were conducted on a Hardhat
local test network; therefore, energy consumption and carbon footprint may not
fully reflect production conditions. Future studies could systematically measure
per-transaction energy/carbon metrics (kgCO_e/tx) by piloting on PoS-based net-
works or L2 solutions and optimize gas consumption through batch processing and
off-chain pre-validation. Furthermore, comparative analyses could be planned to
balance the additional energy costimpact of privacy and anonymization mechanisms
with data minimization.
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KEY TERMS AND DEFINITIONS

Illegal, Unreported, and Unregulated (IUU) Fishing: Fishing activities con-
ducted in violation of regulations, not reported, or carried out outside the regulatory
framework; these practices negatively affect biodiversity, ecosystem balance, and
food security.

Automatic Identification System (AIS): A maritime safety system that broad-
casts vessels’ identity and position information; because signals can be switched
off, it has limitations for public oversight and transparency.

Vessel Monitoring System (VMS): A satellite-based system used by compe-
tent authorities to monitor fleet movements; public accessibility is limited due to
authorization-based access to data.

Smart Contract: A program that automatically enforces predefined rules on-
chain; in cases of non-compliance it can halt a transaction (revert) and generate an
event log.

Blockchain: A data infrastructure that records transactions across distributed
nodes in animmutable and verifiable manner; it enables transparency and auditability.

Web3.py: A software library that enables Python applications to interact with
Ethereum-compatible networks.

Ethereum Network: A blockchain platform with a broad ecosystem that supports
the execution of smart contracts.
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ABSTRACT

The digitalization of water infrastructure enhances operational efficiency but also
increases exposure to cyber threats. As Critical Infrastructure essential to nation-
al security, public health, and economic stability, water systems are increasingly
evolving into complex Cyber-Physical Systems (CPS) with new vulnerabilities. This
chapter examines these cybersecurity challenges from a multidisciplinary perspective,
analyzing historical and contemporary cyberattacks on SCADA systems to highlight
their real-world impact. It further explores the economic implications of cyber risks,
including effects on insurance, public financing, and investment decisions. Using
a specialized dataset simulating water treatment operations, the performance of
Al-based detection models—Random Forest, Support Vector Machines, and Deep
Neural Networks—is evaluated, demonstrating their potential to strengthen cyber
resilience. Based on these insights, the chapter proposes comprehensive policy and
technical strategies to ensure the long-term security of water infrastructure.
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INTRODUCTION: DIGITALIZING WATER
INFRASTRUCTURE AND EMERGING RISKS

In the 21st century, strategic resources such as water, energy, and information
have become central tenets of global security policies. Given the pressures of rap-
idly increasing population, intensive urbanization, and climate change, the entire
lifecycle of water, including production, purification, distribution, and reuse, has
grown increasingly dependent on sophisticated, high-technology infrastructure
systems. This extensive transformation has ushered in the concept of smart water
management, where sensor networks, remote monitoring systems, the Internet of
Things (IoT), and cloud computing-based control architectures collectively form
the digital backbone of the modern water economy (UN-Water, 2022).

One of the most critical components of this digitalization is the widespread
adoption of Industrial Control Systems (ICS). Particularly, Supervisory Control
and Data Acquisition (SCADA) systems used in water treatment and distribution
facilities have been transformed into autonomous structures that collect data from
physical processes and can make decisions without continuous human intervention.
While these systems provide efficient resource management and cost optimization,
they also reveal significant new threat surfaces in terms of cybersecurity (Luiijf &
Paske, 2015; TXOne Networks, 2025). The geographical distribution of SCADA
devices, their increased remote accessibility through internet connections, and their
integration with legacy systems make them highly attractive targets for malicious
actors.

Water infrastructure not only carries economic value but is also an indispensable
vital service infrastructure for the sustainability of life. Therefore, it is evaluated
in the Critical Infrastructure (CI) category along with energy, transportation, and
health systems (European Commission, 2023; CISA, 2025). Critical Infrastructure
is defined as fundamental systems that ensure the continuity of social order, and
any disruption that may occur in these systems can cause serious economic, envi-
ronmental, or humanitarian losses. In this context, ensuring the security of water
infrastructure has become a vital necessity in terms of national security and public
policy, going beyond being merely a technical engineering problem.

This chapter adopts an interdisciplinary approach to evaluate the multifaceted
cybersecurity problem in water economics with its technical, economic, and mana-
gerial dimensions. The study presents a framework through fundamental academic
debates and current case analyses in the literature by examining the protection mech-
anisms at Operational Technology (OT) and Information Technology (IT) levels.
In this context, the chapter primarily aims to explain why water infrastructure has
increasingly become a target of cyber attacks (1) and to reveal the potential financial
impacts of attacks targeting SCADA and IoT components on water economics (2).
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Subsequently, it analyzes how these risks can be accurately assessed through public
financing mechanisms and insurance systems (3) and the contribution of Artificial
Intelligence-Based Intrusion Detection Systems (AI-IDS) in enhancing the cyber
resilience of this infrastructure (4). These fundamental research questions will be
addressed comprehensively in the subsequent sections of the study.

1. WATER SYSTEMS AS CRITICAL INFRASTRUCTURE

In the last quarter of the 20th century, with the deep integration of Information
and Communication Technologies into fundamental economic sectors, the concept of
Critical Infrastructures (CI) underwent a radical transformation. The United States'
Presidential Decision Directive No. 63 of 1998 officially designated the energy,
transportation, water, finance, and telecommunications sectors as “fundamental
pillars of national security,” making the protection of these systems a strategic
priority (Lewis, 2006; GAO, 2024). Similarly, the European Union established a
similar framework with the European Programme for Critical Infrastructure Pro-
tection (EPCIP) Directive 2008/114/EC. Furthermore, the NIS2 Directive, which
entered into force in 2022, placed water supply at the center of cybersecurity policies,
classifying this sector among the most critical areas (European Commission, 2023).

Most importantly, Critical Infrastructures (Cls) are not merely physical systems;
rather, they form a whole with Cyber-Physical Systems (CPS) that provide digital
control of these systems. In this context, when physical production and distribution
systems, such as water infrastructure, are integrated with advanced information
technology (IT) systems, highly complex structures emerge that require protection
at both the physical and digital levels. A fundamental characteristic noteworthy in
global infrastructure systems is the increasingly interconnected dependency structure.
Particularly, this relationship, often referred to in the literature as the “water-energy-
information nexus,” plays a key role in Critical Infrastructure security efforts.

The nature of this nexus can be broken down into two primary dependencies:

Water—Energy Interdependence: Energy production processes are inherently
dependent on water resources. Similarly, the treatment and distribution of water
exhibit a notable reliance on energy. For example, water is required for the oper-
ation of turbine systems in hydroelectric power plants as well as for maintaining
cooling cycles in thermal power plants. In addition, the functionality of operational
equipment used in a water treatment facility—such as pumps, valves, and chemical
dosing systems—is directly supported by electrical energy. This resulting mutual
dependency indicates that an interruption in the energy infrastructure can directly
affect the operational continuity of the water infrastructure, while a failure in the
water supply can likewise impose immediate constraints on energy production ca-
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pacity. For this reason, the interconnected structure of water and energy systems is
of critical importance in terms of sustainability and security (Olsson & Lund, 2017).

Information-Water Interaction: Digital sensors, Internet of Things (IoT) devices,
SCADA networks, and cloud-based monitoring platforms have enabled the imple-
mentation of data-driven decision support systems in water infrastructure. While
this technological transformation provides significant contributions to the more
efficient, resilient, and sustainable management of water systems, it simultaneously
creates the foundation for the emergence of new threat vectors in the cybersecurity
domain. Therefore, both technological innovations and security measures need to
be addressed in an integrated manner.

Consequently, Critical Infrastructure (CI) security should not remain limited to
targeting the protection of isolated systems but should evolve into an approach aimed
atensuring the holistic security of the interdependent networks of these systems. For
instance, a cyber attack targeting water infrastructure can not only cause disruption
of water services but also produce cascading systemic consequences that seriously
affect the energy supply chain, health infrastructure, and indirectly public safety.

2. CYBER THREATS TO WATER
INFRASTRUCTURE AND CASE ANALYSES

SCADA systems used in water infrastructure generally rely on a hierarchical
architecture consisting of three fundamental layers in which specific functional
boundaries are defined between each layer, as visually illustrated in Figure 1. How-
ever, the inability to maintain these boundaries consistently in practice seriously
jeopardizes the holistic security of the system. Particularly, insufficient network
segmentation between internet-exposed remote access points and corporate I'T and
OT networks constitutes priority target areas for attackers.

The fundamental security vulnerabilities in this architecture stem from the com-
bination of technological legacy and the human factor. Industrial communication
protocols such as Modbus and DNP3 were not designed to have integrated authenti-
cation or encryption capabilities. Therefore, these protocols can be easily exploited
in today's complex threat environment (Zetter, 2014). Furthermore, the components
of SCADA systems typically have a long operational lifespan of 15-20 years, and
this situation leads to the continued use of legacy operating systems. For instance,
unsupported systems such as Windows 7 are still actively utilized. The inability of
these legacy systems to receive necessary security patches makes them extremely
vulnerable to cyber attacks (CISA, 2021a; Bello et al., 2023).

In addition, an inadequate separation between the I'T and OT networks facilitates
lateral movement, allowing an attacker who successfully infiltrates the IT network
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to pivot into the OT domain. This scenario generates cascading risks that can
extend to the remote manipulation of physical production processes. Finally, the
human element frequently represents one of the weakest links in system security.
The use of weak passwords, successful phishing campaigns, and social engineering
methodologies function as the initial compromise vector in the majority of cyber
attacks targeting water infrastructure. Considering all these elements collectively,
it is evident that technical vulnerabilities in SCADA architectures are shaped not
only at the hardware or software levels but also by organizational security culture
and human behavior. Therefore, ensuring cybersecurity in water infrastructure ne-
cessitates a comprehensive security management approach that extends far beyond
mere technical countermeasures.

Figure 1. Typical Water Treatment Plant SCADA Architecture and Threat Surfaces.
External Links Field Lewvel

I Works tations

EEF Systems
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The incident that occurred in the Maroochy Shire water and sewage system in
Queensland, Australia, in 2000 stands as one of the first documented cyber attacks
targeting SCADA systems. A former employee of the contracting firm that installed
the facility's SCADA system took control of 46 separate pump stations using a
laptop and a radio transmitter. Over a two-month period, the attacker repeatedly
compromised the system, leading to the discharge of approximately 800,000 liters
of untreated sewage into local parks, rivers, and a hotel garden (Abrams & Weiss,
2008). This case starkly highlighted the destructive potential of insider threats
and deficiencies in access management controls. The attacker successfully evaded
detection for an extended period due to their deep familiarity with the system's
operational parameters.

OnFebruary 5,2021, the incident at the Oldsmar water treatment facility in Florida,
USA, strikingly revealed the risks brought by modern remote access technologies.
This attack process included reconnaissance, initial access, privilege escalation,
lateral movement, and execution phases. According to the official report published
by the Cybersecurity and Infrastructure Security Agency (CISA) (CISA, 2021a;
CISA, 2021b], attackers gained entry to a computer at the facility through remote
access software. This access is believed to have been possible due to the use of an
outdated operating system and weak password security. The attacker subsequently
attempted to alter the sodium hydroxide (NaOH) concentration added to drinking
water through the Human-Machine Interface (HMI) and raised the level to more than
100 times the normal limit. Fortunately, a vigilant operator who became aware of
the situation rapidly detected this dangerous modification and managed to prevent
a potential public health disaster by restoring the chemical level to its original state.

Thisincident clearly demonstrates that cybersecurity in water infrastructure should
not remain limited to technical measures alone but also necessitates the integrated
consideration of the human factor, robust access policies, and physical security
design. Particularly, the rapid intervention of an operator preventing the failure of
automatic alarm mechanisms explicitly shows the critical role of the human element
in averting a full-scale catastrophe. This situation reveals that raising the awareness
levels of personnel operating water facilities and implementing comprehensive
training programs is of vital importance. However, while remote access mechanisms
in water systems provide operational convenience, they can simultaneously bring
serious security risks. When necessary security protocols are neglected, these access
tools designed for legitimate maintenance and monitoring activities can transform
into an open door for malicious cyber attackers. Technical assessments conducted
by CISA after the incident emphasized that software-based measures alone are not
sufficient and highlighted the necessity of integrating cyber-physical security lay-
ers into the design process. It has been noted that even if control systems become
dysfunctional, the correct design of physical components such as pump capacities,
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chemical dosing limits, and tank volumes is critically important to prevent danger-
ous mixing of chemicals. These findings strongly reinforce that cybersecurity in
water infrastructure is a multi-layered structure and that technical, operational, and
human-centered measures must be integrated in a harmonious manner.

3. ECONOMIC DIMENSIONS OF RISK AND POLICY ANALYSIS

While cybersecurity in water infrastructure is often perceived primarily as a
cost burden, it should, in fact, be strategically viewed as a preventative investment
that safeguards economic sustainability. To evaluate the economic rationality of
these cybersecurity expenditures, a Cost-Benefit Analysis (CBA) framework proves
highly suitable.

The Costs encompass direct expenditure, such as those for security software,
hardware, personnel training, audits, and cyber insurance premiums. Conversely,
the Benefits are defined as the potential losses avoided by successfully preventing
a cyber attack. These avoided losses can be modeled using the Annualized Loss
Expectancy (ALE) formula:

ALE = Single Loss Expectancy (SLE)* Annualized Rate of Occurrence (ARO)

Within the scope of cyber risk analysis, the Single Loss Expectancy (SLE) is
one of the most fundamental metrics used to assess the potential economic impact
of an attack. The SLE represents the total financial loss likely to materialize should
a specific cyber incident occur. Critically, this loss includes not only direct costs
such as system repair, service interruption, and liability payments but also indirect
costs, including reputational damage, legal sanctions, and public health expenditures.

The other pivotal variable is the Annualized Rate of Occurrence (ARO), which
defines the estimated probability of a specific type of attack occurring within a one-
year period. This rate is utilized as a core parameter in calculating ALE.

In this established framework, the Net Present Value (NPV) approach is applied
to evaluate the economic soundness of a security investment. The NPV is calculated
by subtracting the investment cost from the total benefit the investment provides. An
investment is considered economically rational and sustainable if the NPV yields
a positive value (Sentiirk et al., 2016). However, for sectors that serve the public
interest, such as water infrastructure, this analysis must not be confined solely to
financial indicators. It is imperative that positive externalities specifically impact
on public health, environmental sustainability, and societal welfare are integrated
into the NPV calculation. Incorporating these externalities ensures that public
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investments are evaluated within a framework focused on social benefit as well as
financial feasibility.

4. METHODOLOGY

This section details the development of an Artificial Intelligence-based Intrusion
Detection System (AI-IDS) designed specifically for the detection of cyber attacks
targeting SCADA systems within water infrastructure. The application was performed
using a synthetic dataset meticulously constructed based on the characteristics of
the widely recognized SWaT (Secure Water Treatment) dataset (Goh et al., 2017).
It should be noted that SWaT is a physical CPS testbed that accurately simulates
the six-stage process of a real-world water treatment facility. Consequently, this en-
vironment encompasses the entire water purification cycle, ranging from the initial
raw water intake (Stage 1) to the final backwash procedures (Stage 6).

4.1. Dataset Characteristics and Attack Scenario Design

The operational activities of the simulated water treatment plant spanned an 11-
day period. The initial seven days represent the system's normal operating conditions
and comprise 7,000 instances, recorded at one-minute intervals. The subsequent
four days cover periods during which various attack scenarios were implemented,
consisting of 4,000 instances. The total size of the dataset, with its class distribu-
tion presented in Figure 2, reaches 11,000 instances. Of this total, 7,000 instances
(63.6%) represent normal operational conditions, while 4,000 instances (36.4%)
correspond to various cyber attack scenarios. Although this distribution reflects the
real-world reality that normal operation is observed far more frequently than attack
states in SCADA systems, it presents a balanced structure that avoids severe class
imbalance issues. Using a stratified sampling technique, the dataset was partitioned
into a 70% training subset (7,700 instances: 4,900 normal, 2,800 attack) and a 30%
testing subset (3,300 instances: 2,100 normal, 1,200 attack), thereby ensuring that the
original class proportions were accurately maintained in both subsets. This carefully
balanced distribution allows the machine learning models to effectively learn both
normal and attack behaviors with sufficient examples, minimizing learning prob-
lems often caused by class imbalance (e.g., over-prediction of the majority class).
Furthermore, the 36.4% proportion of attack instances satisfies the “minimum 30%
minority class” criterion often recommended in the literature, supporting reliable
performance from the models in attack detection.
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Figure 2. (Left) Percentage distribution of Normal and Attack samples in the total

dataset. (Right) Distribution of sample numbers in the training and test sets.
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Throughout the data collection process, the sampling frequency was fixed at
once per minute by taking measurements every minute. The dataset consists of a
total of 25 features derived from sensor and actuator measurements corresponding
to six different operational stages of the water treatment facility. This comprehensive
structure enables the detailed observation of interactions between both the physical
and digital components of the system.

The attack scenarios implemented in the synthetic dataset were designed to
represent the most common manipulation techniques observed in SCADA systems,
inspired by real-world incidents. Particularly, the pH Manipulation Attack, which
directly references the Oldsmar incident, simulates the addition of excessive so-
dium hydroxide (NaOH) to drinking water by raising AIT201 (pH sensor) values
from the normal level of 7.0 to 11.5. Another scenario, the Flow Anomaly Attack,
models the compromise of pump control by increasing FIT101 (flow sensor) values
from 2.5 m%hr to 5.0 m*hr. Similarly, the Level Manipulation scenario mimics a
tank draining attack by decreasing LIT101 (tank level) values from 500 mm to 200
mm, while the Pressure Attack simulates excessive pressure application that could
damage ultrafiltration membranes by raising DPIT301 (differential pressure) values
from 20 psi to 50 psi.

4.2. Data Preprocessing Steps

A systematic preprocessing pipeline was applied to the dataset to ensure the
machine learning models could operate effectively. This process consisted of five
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essential steps designed to transform the raw SCADA data into a format suitable
for model training.

Initially, the timestamp column was removed from the dataset. Although the
timestamp contains sequential information, its inclusion can negatively affect the
models' generalization capability, specifically by introducing the risk of models
overfitting to particular time segments. While recurrent neural networks like LSTM
(Long Short-Term Memory) or GRU (Gated Recurrent Unit) would be utilized when
time-series characteristics are critical in real-time applications, in this study, each
data point was treated as an independent observation, and temporal dependency
was disregarded.

Subsequently, the categorical target variable, “Normal/Attack,” was converted
into binary numerical values. This process, known as label encoding, is necessary
for machine learning algorithms to process categorical data. The normal operation
state was encoded as 0, and the attack state was encoded as 1. This binary coding
simplifies the mathematical formulation of the classification problem and permits
the use of sigmoid or softmax activation functions in the models' output layers.

The third step involved separating the dataset into independent variables (X) and
the dependent variable (y). The matrix of X comprises the 25 sensor and actuator
measurements, which represent the physical parameters collected from the six dis-
tinct operational stages of the water treatment facility (raw water intake, chemical
dosing, ultrafiltration, dechlorination, reverse osmosis, and backwash). The y is
the binary label vector indicating whether each observation belongs to the normal
or attack class.

In the fourth step, the dataset was carefully divided into training and test subsets
using the stratified sampling method. Stratified sampling has critical importance
as it ensures that the class distribution in both subsets is preserved at the same
proportions as the original dataset. 70% of the dataset was allocated to the training
set (7,700 samples: 4,900 normal, 2,800 attack) and 30% to the test set (3,300 sam-
ples: 2,100 normal, 1,200 attack). This ratio is a widely accepted standard in the
machine learning field and both provides a sufficient number of training samples
and enables reliable measurement of test performance. Particularly in imbalanced
datasets, stratified sampling plays a vital role; because random splitting can increase
the risk of insufficient representation of the minority class (the attack class in this
study) in the test set.

The fifth and final step encompasses the normalization of features. Different
sensors produce data at different scales and units; for instance, pH values can vary
between 0 and 14, while pressure values range between 0 and 100 psi, and flow
values range between 0 and 10 cubic meters/hour. These scale differences can cre-
ate serious challenges, especially for models using distance-based algorithms or
gradient-based optimization techniques. Therefore, all features were standardized
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using StandardScaler. This process balanced the impact of features at different scales
on model performance by bringing the mean of all features to 0 and the standard
deviation to 1. As an important point, normalization was performed using the mean
and standard deviation values learned from the training set, and these values were
also applied to the test set. This method prevented data leakage, enabling a more
accurate evaluation of the model's performance under real-world conditions.

4.3. Methodological Framework

The methodological flow of this study, systematically summarized in Figure 3, is
based on a carefully designed and reproducible structure. In the first phase, detailed
and comprehensive data preparation processes were implemented to transform raw
SCADA data into a format compatible with machine learning algorithms. In the
second phase, model selection was performed and the performances of three algo-
rithms representing different learning paradigms were compared: Random Forest
(RF) representing the ensemble learning approach, Support Vector Machine (SVM)
using kernel-based classification, and Deep Neural Network (DNN) representing
deep learning. This diversified algorithmic structure provides the opportunity to
analyze in depth the suitability of different approaches to a complex problem such
as cyber attack detection in water infrastructures.
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Figure 3. Data Preprocessing and Methodology Flowchart
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The third phase comprises the training procedure of the models. Each model was
subjected to a specific learning process using the corresponding training algorithm.
To ensure optimal performance, the hyperparameters were carefully selected based
on findings obtained from the literature and preliminary experimental evaluations.
These hyperparameters included the kernel type for RF (Radial Basis Function),
the number of trees (n_estimators = 100), and the maximum depth (max_depth =
20); the regularization parameter for SVM (C = 1.0); and, for the DNN, the number
of hidden layers (hidden_layer_sizes = (128, 64, 32)) together with the activation
function (relu).

The fourth phase focuses on the model evaluation procedure. In this stage, the
trained models generated predictions on an unseen test set, and their performances
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were comprehensively analyzed through five fundamental metrics: accuracy, pre-
cision, recall (sensitivity), F1-score, and ROC-AUC. The multi-metric evaluation
approach enabled a detailed examination of the models from different perspectives,
allowing a more balanced, comprehensive, and objective comparison of their overall
performances.

Inthe fifth phase, the cross-validation technique was employed. The generalization
capability of the models was assessed using the 5-Fold Cross-Validation (5-Fold
CV) technique. In this approach, the training dataset was partitioned into five equal
subsets, and each model was trained five times, with a different subset used as the
validation set during each iteration. The cross-validation results provided insights
into whether the models exhibited consistent performance not only on a single test
set but also across various data partitions.

In the sixth phase, a comprehensive error analysis was conducted. Misclassified
instances were examined in detail, and the proportions of false positive and false
negative error types were calculated with great care. This analysis not only identi-
fied the types of errors to which the models are more susceptible but also provided
a clearer basis for evaluating potential risks that may arise when the models are
deployed in continuous integration (CI) environments. Furthermore, this process
plays a critical role in planning strategic improvements aimed at enhancing the
overall performance of the models.

The final phase entailed a complexity analysis. The models were assessed based
on practical metrics such as computational cost, training time, prediction speed, and
model size. This analysis ensures that the evaluation considers not only the theo-
retical performance of the models but also their practical deployability in real-time
SCADA systems. Metrics like the number of instances that can be processed per
second and the model size are of paramount importance in industrial environments
with limited computational resources. This seven-stage methodological framework
underpins the scientific rigor and reliability of the study's findings while simulta-
neously providing a reproducible roadmap for future research.

4.4. Model Performance Results and Evaluation

Table 1 presents a summary of the performance metrics of the trained models on
the test dataset, while Figure 4 provides a visual comparison of these metrics. An
objective assessment of the models’ expected real-world performance is ensured by
the test set, which contains 3,300 instances not encountered by the models during
the training phase.
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Model Accuracy Precision Recall F1-Score ROC-AUC
RF 0.9142 0.9011 0.9719 0.9352 0.9584
SVM 0.9170 0.9047 0.9719 0.9371 0.9593
DNN 0.9203 0.9154 0.9638 0.9390 0.9613

A complete analysis of the performance metrics is vital for comprehending
the advantages and disadvantages associated with the models under investigation.
According to the Accuracy metric, which represents the ratio of correct predictions
across all predictions, the Deep Neural Network (DNN) model achieves the optimum
accuracy of 92.03%. Based on this finding, it is evident that the model successfully
classifies both normal instances and attack cases within the overall context. The
Support Vector Machine (SVM) model attains an accuracy level of 91.70%, while
the Random Forest (RF) model reaches an accuracy level of 91.42%. These results
indicate that both models achieve a comparable level of performance. The marginal
difference in accuracy, approximately 1%, among the three models suggests that
all three possess an acceptable capacity for detecting cyber attacks within water
infrastructure systems.

Figure 4. Comparative results of three models on five different performance metrics.
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The Precision metric measures the proportion of instances predicted as attacks
that were truly attacks. A high precision value signifies a low False Positive (false
alarm) rate for the model. In CI environments, false alarms increase the workload
on operators and, over time, can lead to alarm fatigue, thereby escalating the risk of
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genuine threats being overlooked. The DNN model demonstrated the best precision
at 91.54%, meaning that 91 out of every 100 instances flagged as an attack by the
DNN were actual attacks. The SVM (90.47%) and RF (90.11%) models followed
closely behind. These results indicate that all three models are capable of maintaining
false alarm rates at reasonable levels.

The Recall (Sensitivity) statistic quantitatively specifies the proportion of actual
attack incidents that are correctly detected. A high recall value is indicative of a low
rate of False Negatives (missed attacks). In vital systems such as water infrastructure,
the False Negative represents the most perilous type of error, as the failure to detect
a genuine cyber attack can pose a direct risk to public health and national security.
The Random Forest (RF) and Support Vector Machine (SVM) models achieved the
highest recall value of 97.19%. This finding confirms that both models effectively
identified nearly all attack cases within the test sample. The Deep Neural Network
(DNN) model secured the third position with a recall rate of 96.38%. Although the
recall of the DNN is approximately 1% lower than the other two models, which sug-
gests a slightly higher rate of missed attacks, a recall value exceeding 96% remains
an acceptable standard for Critical Infrastructure (CI).

The F1-Score metric represents the harmonic mean of Precision and Recall, and
its optimization aims for a balanced assessment of both metrics. The F1-Score is
generally considered the most reliable performance indicator, particularly in im-
balanced datasets, as it simultaneously accounts for both the false alarm rate and
the missed attack rate. The DNN model achieved the highest F1-Score at 93.90%,
indicating it attained the best balance between precision and recall. SVM (93.71%)
and RF (93.52%) followed. The minute difference of only 0.38% among the F1-
Scores reveals that their performances are remarkably similar. Nonetheless, even this
slight edge by the DNN can translate into a meaningful difference when processing
thousands of instances in real-time SCADA systems.

The Receiver Operating Characteristic — Area Under the Curve (ROC-AUC)
metric is a comprehensive statistic that summarizes a model’s performance across
all possible classification threshold values. The ROC curve provides a graphical
representation of the relationship between the True Positive Rate (TPR) and the
False Positive Rate (FPR) at varying threshold levels. The larger the area under
the curve (AUC), the more effectively the model can distinguish between different
classes. In contrast, a random classifier yields an AUC of 0.5, whereas a perfect
classifier achieves an AUC of 1.0.
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Figure 5. ROC curves of the models
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The ROC curves presented in Figure 5 compare the classification performance
of the three models by showing the relationship between TPR and FPR at different
decision thresholds. All three models demonstrated excellent discriminative ability,
with their AUC values (DNN=0.9613, SVM=0.9593, RF=0.9584) being substan-
tially higher than the random prediction line (AUC=0.5). Although the models'
performances are very close, DNN model exhibited the best performance, as its
ROC curve is closest to the ideal point (0,1) in the upper-left corner. This superi-
ority is particularly noticeable at low FPR values, where the DNN can maintain
high attack detection rates (e.g., TPR ~0.85 when FPR =0.05) even with a very
low false alarm rate.

In conclusion, the results demonstrate that all three models achieved high success
in detecting cyber attacks within water infrastructure. Specifically, the DNN model
showed the most balanced and reliable performance across critical metrics like
F1-Score and ROC-AUC. The DNN's advantage stems from its ability to maintain
high detection accuracy while simultaneously keeping the false alarm rate low. Con-
versely, RF and SVM models proved their capability to capture almost all attacks,
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showing superiority, particularly in the recall metric. These findings suggest that
operational priorities should guide model selection: if the priority is minimizing
false alarms, DNN is preferable; if the priority is ensuring no attack is missed, RF
or SVM may be chosen.

5. CONCLUSION AND POLICY RECOMMENDATIONS

This study has established that the digitalization of water infrastructure inevitably
leads to escalating cybersecurity risks, which carry the potential for severe economic
and societal consequences. The case analyses demonstrated the vulnerability of
both legacy and modern systems to various attack vectors, while the application
section provided empirical evidence that AI-IDS possess a high accuracy potential
for identifying such threats. In light of these findings, enhancing cyber resilience
in the water economy mandates the adoption of a holistic approach where cyberse-
curity is intrinsically integrated with physical security and operational processes;
consequently, the mandatory implementation of cyber-physical mechanisms that
physically prevent dangerous operational levels is required. Concurrently, minimum
cybersecurity standards similar to those set forth by the NIS2 Directive must be
established for water service providers, accompanied by regular independent audits
and a clear roadmap for updating legacy systems. Furthermore, the use of Al for
anomaly detection should be encouraged through R&D support and data sharing
platforms. Equally critical is investing in the human factor through continuous
training and exercises for personnel, alongside strengthening public-private partner-
ship mechanisms to facilitate real-time threat intelligence sharing among national
response centers, water utilities, and technology providers.

Based on these comprehensive findings, the following concrete and multi-layered
policy recommendations are presented for policymakers, regulatory bodies, and
sector operators to enhance the cyber resilience of water infrastructure:

e Development of a Holistic and Risk-Oriented National Strategy: A cyberse-
curity strategy specific to the water sector must be built upon risk scenari-
os that explicitly address cross-sector interdependencies, such as the water-
energy nexus. This strategy should encompass not only technical controls but
also the dimensions of governance, human capital, and financing. Drawing
inspiration from international frameworks like the EU’s NIS2 Directive, min-
imum cybersecurity standards must be established for all water service pro-
viders, with compliance verified through regular, independent audits.

o  Strengthening Public-Private Collaboration and Information Sharing: The
real-time exchange of threat intelligence should be actively promoted through
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trust-based platforms, such as Water and Wastewater Information Sharing
and Analysis Centers. Furthermore, regular cyber exercises involving public
and private sector operators will significantly boost incident response capaci-
ty and stakeholder coordination. As emphasized by the OECD, these collabo-
rations must be built upon transparent governance models that ensure the fair
distribution of risks and responsibilities.

Financial Incentives and Capacity Building: It is critically important to en-
hance the cybersecurity capacity of small and medium-sized municipal water
utilities, which often operate with limited resources. Drawing on models such
as the Drinking Water State Revolving Fund (DWSREF) in the United States,
financial support including grants, low-interest loans, and free technical con-
sulting should be provided to help these institutions achieve essential cyber
hygiene standards.

Investment in the Human Factor and Cultivating an Awareness Culture:
Technology alone is insufficient; the weakest link is frequently the human
element. Continuous and mandatory training programs must be implemented
to raise the cybersecurity awareness of all personnel, from plant operators to
executives. These training sessions should include practical applications such
as phishing simulations, social engineering tactics, and incident response
drills.

Supporting R&D and the Domestic Technology Ecosystem: Developing ad-
vanced defensive systems, such as AI-IDS, using domestic capabilities will
reduce external dependence and strengthen national cybersecurity capacity.
To achieve this, public support and incentives must actively promote R&D
collaborations among universities, research centers, and sector operators.

In conclusion, the digital transformation of water infrastructure is an unavoid-

able process that carries the potential for a silent security crisis. Averting this crisis
demands a multilayered approach to resilience that integrates technological invest-
ment, rational economic models, effective policy frameworks, and international
cooperation. The secure water systems of the future will be built not only with smart
technologies but also with a culture of proactive governance, continuous learning,
and cross-stakeholder collaboration.
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ABSTRACT

Aninclusive approach to creating sustainable entrepreneurship in the marine sector
is essential, with human resources as a strategic factor. Amidst increasing environ-
mental challenges, sustainable management of marine resources requires green
entrepreneurship. Human resources play a role in driving innovation, strengthen-
ing local capacity, and ensuring the involvement of women, youth, and indigenous
communities. Policies that support skills education, economic empowerment, and
access to green technology are needed. Collaboration between government, the
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private sector, academia, and local communities will create sustainable business
models that support SDG 8 (Decent Work and Economic Growth) and SDG 14
(Marine Ecosystems).

INTRODUCTION

Over the past two decades, coastal regions around the world have increasingly
drawn attention as societies confront two competing imperatives: economic de-
velopment and environmental sustainability. The concept of the blue economy has
emerged as a guiding paradigm, advocating the responsible use of marine resources
to generate prosperity while safeguarding ecosystems from irreversible damage.
This issue is particularly pressing in Indonesia, where millions of coastal residents
depend on the sea for their livelihoods. Fisheries, aquaculture, and marine tourism
remain central to household economies, yet reliance on these sectors also makes
communities highly vulnerable. Problems such as overfishing, habitat degradation,
and plastic pollution undermine ecological resilience, while limited access to finance,
weak institutional arrangements, and uneven technological adoption continue to
constrain social and economic progress (Gaines et al., 2018; Hoegh-Guldberg et
al., 2019; Issifu et al., 2022).

At the global level, commitments to the Sustainable Development Goals (SDGs)
have reinforced the urgency of linking coastal development with sustainability prin-
ciples. Targets related to decent work, climate action, responsible production, and
marine ecosystem health highlight that livelihoods and ecological balance must go
hand in hand (United Nations, 2020). Despite numerous conservation and livelihood-
improvement programs, their effectiveness often remains limited. In many cases,
the gap between ambitious policy goals and the lived reality of coastal communities
is wide—particularly where local capacities to adapt, innovate, and sustain green
enterprises are still underdeveloped (Masni et al., 2024).

Human resources therefore stand at the center of this challenge. Theories of
human capital and the capability approach stress that education, health, and skills
are not merely background factors but critical levers that enable individuals to
transform available resources into tangible outcomes (Becker, 1993; Sen, 1999).
Applied to coastal contexts, this means that entrepreneurship will not be sustainable
unless communities are equipped with practical skills, mentoring opportunities,
and supportive institutions. Put differently, empowerment is not a supplementary
concern—it is the very foundation upon which sustainability can flourish.

Beyond individual capabilities, frameworks such as green business models and
the circular economy emphasize innovation, efficiency, and resource reuse (Boons
& Liideke-Freund, 2013; Geissdoerferetal.,2017). While valuable, such approaches
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often place heavy emphasis on technology and overlook the social and cultural
realities of coastal life. In contrast, community-based entrepreneurship highlights
local traditions, collective norms, and inclusive leadership—dimensions that reso-
nate strongly with coastal societies, where economic activity is deeply intertwined
with social values (Peredo & Chrisman, 2006). Recent empirical studies confirm
this: leadership skills, digital literacy, and gender inclusivity increasingly determine
whether marine-based enterprises succeed or fail (Fudge et al., 2023; Masni et al.,
2024; Mochklas et al., 2024).

Despite growing interest, the scholarship remains fragmented. Fisheries research
tends to focus on ecological risks, while studies of coral reefs and marine pollution
primarily emphasize environmental degradation. Much of the literature on green
entrepreneurship, meanwhile, is dominated by technological narratives, leaving
community readiness underexplored. A more comprehensive framework is therefore
needed—one that integrates ecological sustainability with human empowerment in
discussions of coastal entrepreneurship.

This chapter seeks to fill that gap. Its central focus is on positioning human
resource empowerment as the core of sustainable entrepreneurship in coastal re-
gions. The argument is straightforward: technology and regulations matter, but they
are insufficient unless communities themselves have the capacity to turn external
pressures into opportunities for growth.

Building on this foundation, the chapter pursues four objectives. First, it maps
the ecological, socio-economic, and governance challenges and opportunities that
shape coastal entrepreneurship. Second, it examines the strategic role of human
resources in linking sustainability policies with local practices. Third, it proposes
a conceptual model that places entrepreneurship on the foundation of human em-
powerment. Finally, it offers policy recommendations for building ecosystems that
nurture green enterprises aligned with the SDGs.

The contribution of this chapter is twofold. Theoretically, it integrates the per-
spectives of human capital, the capability approach, and community-based entrepre-
neurship into a unified framework for coastal sustainability. Practically, it provides
insights for policymakers, NGOs, and practitioners to design interventions that are
not only economically viable but also ecologically sound and socially inclusive.
Methodologically, the analysis draws on a qualitative approach that combines a
thematic literature review with empirical insights from Indonesian case studies. The
findings aim to demonstrate how human empowerment can translate into concrete
outcomes, such as improved catch efficiency, higher household income, ecosystem
recovery, and greater gender participation.

The chapter is structured as follows. It begins by mapping the ecological pressures
and socio-economic constraints facing coastal communities. It then analyzes the
role of human resources in fostering adaptation and innovation. Next, it develops a
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conceptual model of eco-friendly entrepreneurship. Finally, it concludes with policy
recommendations for governments, civil society, and the private sector to promote
inclusive and sustainable coastal development.

CHALLENGES AND OPPORTUNITIES FOR
ENTREPRENEURSHIP IN COASTAL COMMUNITIES

Coastal entrepreneurship in Indonesia thrives in a paradoxical landscape. For
hundreds of years, the ocean, coral reefs, and mangrove forests have been the pri-
mary sources of livelihood for coastal communities. However, pressure on these
ecosystems is now intensifying. Overfishing has depleted stocks to critical levels,
mangrove and coral degradation is widespread, and plastic debris piling up along
coastlines exacerbates the damage. Climate change compounds the complexity of the
problem, from sea level rise to unpredictable rainfall to increasing sea temperatures.
All of these factors reduce biodiversity and make small-scale fishing businesses
increasingly vulnerable (FAO, 2022; Hoegh-Guldberg et al., 2019).

Challenges also arise in the social and economic spheres. Limited access to formal
finance makes fishermen dependent on high-interest loans from middlemen. Lack
of infrastructure and low levels of education hinder innovation and the adoption of
new technologies. Distribution chains dominated by intermediaries squeeze small
producers into low-value supply chains (Masni et al., 2024). From a regulatory
perspective, overlapping policies, weak oversight, and a lack of recognition of local
wisdom, such as the marine sasi (sea sasi) in Maluku, reduce the effectiveness of
resource governance (Bappenas, 2023).

Nevertheless, opportunities continue to emerge. The global market for environ-
mentally friendly fishery products, sustainable aquaculture, and conservation-based
tourism is showing an upward trend. The organic shrimp program in Sidoarjo and
mangrove ecotourism in Bali demonstrate that conservation can go hand in hand
with improving community welfare (Bayuningsih et al., 2024). Meanwhile, digital
innovations such as online seafood marketing platforms and virtual training are
opening up new market access for fishermen in remote areas while improving their
entrepreneurial skills (Areche et al., 2024).

Community-based approaches are increasingly demonstrating their relevance.
The resource management council in Maluku, which combines customary rules
and formal regulations, demonstrates that participatory governance can strengthen
accountability (Fabinyi, 2022). Women's cooperatives in Nusa Tenggara, which
process seaweed into processed foods and environmentally friendly cosmetic
products, not only increase income but also strengthen women's social roles. All of
these experiences confirm that the success of sustainable coastal entrepreneurship
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requires an integrated strategy that combines ecological conservation, social justice,
and inclusive economic development. By transforming challenges into opportunities
for innovation, coastal communities can emerge as a vital driver of sustainable blue
economy development in Indonesia.

Table 1. Challenges and Opportunities for Coastal Entrepreneurship in the Context

of the Blue Economy
Dimensions Main Challenges Strategic Indonesian Case Study
Opportunities
Ecological Overfishing, coral reef Adopting East Java: Selective
degradation, and climate change environmentally fishing gear training

(FAO, 2022; Hoegh-Guldberg
etal., 2019).

friendly technology
(selective) fishing,
eco-aquaculture, and
community-based
conservation.

reduces bycatch by 20%
and increases efficiency
(Mochklas et al., 2024).

Socioeconomic

Limited access to formal
credit (only 23% of small-
scale fishermen receive it);

low digital literacy (Bappenas,

2023; Masni et al., 2024).

Green microcredit
schemes; use of e-
commerce for marketing
marine products;
business diversification.

Nusa Tenggara: seaweed
women's cooperative
produces value-added

derivative products and
increases margins by
25-30% (Areche et al.,
2024).

Gender &
Inclusion

‘Women are marginalized from

cooperative leadership, have
a double workload, and the

younger generation participates
minimally (Areche et al., 2024;

Karatas-Ozkan et al., 2024).

Women's empowerment
through cooperatives;
youth participation
in coastal digital
innovation.

Nusa Tenggara: Women's
cooperatives strengthen
household bargaining
positions through
diversification and
collective marketing
(Areche et al., 2024).

Institutional

Cooperatives are weak,
Minapolitan programs are
often unsustainable, and
accountability is minimal
(Fudge et al., 2023).

Strengthening
cooperatives based on
transparent rules; multi-
actor collaboration
(campuses, NGOs,
private sector).

Bali: Mangrove ecotourism
succeeds due to good
cooperative governance
and local participation
(Bayuningsih et al., 2024).

Technology &
Innovation

Limited digital infrastructure;

high initial costs of technology

adoption.

Coastal business
incubation; technology
transfer through
universities and NGOs;
IoT and e-commerce.

Sulawesi & Maluku: a
cooperative-based eco-
fishery project using
environmentally friendly
technology to reduce
destructive practices (Masni
et al., 2024).

Source: (FAO, 2022; Hoegh-Guldberg et al., 2019; Mochklas et al., 2024; Areche et al., 2024; Karata§-02kan
et al., 2024; Fudge et al., 2023; Masni et al., 2024; Bayuningsih et al., 2024 et al., 2024; Bappenas, 2023)

Table 1 summarizes how ecological, socioeconomic, gender, institutional, and
technological dimensions interact to shape the realities of coastal entrepreneurship.
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Each dimension presents a set of persistent barriers but also reveals avenues for inno-
vation when communities, governments, and supporting institutions act strategically.

From an ecological standpoint, the main challenges are overfishing, coral reef
degradation, and climate-related pressures (FAO, 2022; Hoegh-Guldberg et al.,
2019). These processes undermine marine biodiversity and reduce the productivity
of coastal livelihoods. Yet, these same threats have stimulated experiments with
environmentally friendly practices such as selective fishing gear, eco-aquaculture,
and community-led conservation. The case from East Java illustrates this point: after
training programs introduced selective nets, local fishers not only reduced bycatch by
nearly 20 percent but also improved their efficiency (Mochklas et al., 2024). Here,
ecological vulnerability was transformed into an opportunity for sustainable practice.

The socioeconomic dimension reflects persistent financial exclusion and limited
digital literacy. Only a fraction of small-scale fishers in Indonesia have access to formal
credit (Bappenas, 2023), forcing many to depend on exploitative middlemen. This
restricts their ability to move up the value chain. At the same time, low familiarity
with digital tools keeps many households locked into local markets. Yet innovative
responses are emerging: green microfinance programs and digital marketing plat-
forms have allowed communities to diversify income and increase profit margins.
Women’s cooperatives in Nusa Tenggara, for instance, transformed raw seaweed
into processed goods that fetch 25-30 percent higher returns (Areche et al., 2024).

The gender and inclusion dimension highlights how women and youth remain
underrepresented in leadership and entrepreneurial decision-making. Women often
juggle domestic work and economic activity, while younger generations are reluctant
to enter fisheries, perceiving them as less rewarding compared to urban employment
(Karatas-Ozkan et al., 2024). These trends risk excluding significant portions of the
population from coastal development. However, inclusive approaches are beginning
to reverse this pattern. Women-led cooperatives and youth-driven digital innovation
projects in coastal areas have expanded participation and strengthened community
bargaining power (Areche et al., 2024).

At the institutional level, many government initiatives have underperformed.
Programs such as the Minapolitan policy often face challenges of fragmented co-
ordination, limited accountability, and insufficient community ownership (Fudge
et al., 2023). Cooperatives, too, often exist in name only, lacking transparency and
operational strength. Yet successful cases from Indonesia and abroad demonstrate
alternatives. In Bali, mangrove-based ecotourism has thrived precisely because
cooperatives were well managed and inclusive of community participation (Bayun-
ingsih et al., 2024). Similarly, in the Philippines, CBCRM programs that combine
technical support with clear governance rules have proven effective in sustaining
both livelihoods and ecosystems (Fabinyi, 2022).
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Finally, the technology and innovation dimension presents a paradox. High upfront
costs and weak infrastructure hinder adoption of modern tools in many coastal areas.
Yet where technology transfer has been supported through universities, NGOs, or
incubator programs—it has significantly improved sustainability outcomes. Projects
in Sulawesi and Maluku, for example, have demonstrated that cooperative-based
eco-fisheries using environmentally friendly equipment can reduce destructive
practices and strengthen household incomes (Masni et al., 2024).

Taken together, Table 1 makes it clear that coastal entrepreneurship is shaped by
interlocking systems. Ecological decline exacerbates economic precarity, financial
exclusion reinforces inequality, and weak institutions undermine collective action.
At the same time, each constraint holds the potential for transformation when
communities are supported with the right mix of knowledge, resources, and insti-
tutional backing. The key lesson is that opportunities do not arise in isolation they
emerge precisely through efforts to address and overcome challenges in a holistic,
integrated way.

THE STRATEGIC ROLE OF HUMAN RESOURCES

In discussions of coastal entrepreneurship, the focus often falls on ecological
resources or financial capital. Yet, the decisive factor that determines whether en-
terprises survive and thrive is the quality and empowerment of human resources.
Skills, knowledge, and collective organization function as the critical bridge that
links ecological sustainability with economic viability. Without capable and moti-
vated people, investments in technology or infrastructure remain underutilized and
institutional reforms falter.

Coastal communities operate in environments marked by uncertainty—rising sea
levels, shifting fish stocks, market volatility, and institutional weaknesses. Within
such contexts, entrepreneurship cannot be sustained by capital inputs alone. It de-
pends on the ability of individuals and groups to adapt, learn, and innovate. Training
in selective fishing, for example, does more than improve efficiency; it reduces
bycatch, ensures ecological balance, and stabilizes household income (Mochklas et
al., 2024). Similarly, initiatives that encourage women to move beyond processing
into leadership positions expand both economic opportunities and social equity
(Areche et al., 2024).

Seen from this perspective, human resources are not passive recipients of external
aid. They are active agents who shape the direction of entrepreneurial development.
Leadership, organizational skills, and the ability to coordinate collective action allow
communities to negotiate better prices, build trust with external partners, and embed
sustainability principles in everyday practice.
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The empowerment of human resources is often equated with capacity build-
ing, usually measured by the number of training workshops or technical sessions
conducted. While such programs are important, they frequently emphasize inputs
rather than outcomes. A more strategic view requires shifting attention to tangible
results. Economically, this means households should experience higher and more
stable earnings. Ecologically, empowerment should manifest in reduced destructive
practices and improved ecosystem restoration. Institutionally, the benefits should be
visible in stronger cooperatives, inclusive governance, and transparent management
practices.

This orientation aligns with Human Capital Theory (Becker, 1993), which stress-
es the link between skill investment and productivity, as well as Sen’s Capability
Approach (1999), which underscores the freedom and agency to convert resources
into meaningful achievements. What matters is not how many programs are deliv-
ered but whether people gain the capacity to transform challenges into sustainable
opportunities.

Strong human resources also underpin institutional reform. Many cooperatives
collapse because members lack financial literacy, leadership skills, or the confidence
to enforce accountability. By contrast, when communities possess these capacities,
organizations become resilient and effective. In Bali, for example, ecotourism proj-
ects succeeded because cooperatives combined technical knowledge with inclusive
decision-making, creating trust and long-term commitment (Bayuningsih et al.,
2024). This shows that institutional strength does not emerge automatically; it is
built through continuous investment in people.

Human resources, therefore, must be viewed not simply as labor inputs but as
the foundation of adaptive and sustainable entrepreneurship. Technical expertise,
leadership capacity, and cultural knowledge interact to create innovative solutions
suited to local realities. When coastal residents are empowered in this way, ecolog-
ical protection and economic development cease to be competing priorities they
reinforce one another.

In short, the strategic role of human resources lies in their ability to transform
policies and technologies into lived practice. They connect global sustainability goals
with everyday decisions in coastal households and organizations. As such, investing
in human empowerment is not an optional add-on but the central pathway through
which the blue economy can become genuinely inclusive and resilient.
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Table 2. Evaluation Dimensions of Human Resource Empowerment in Coastal
Entrepreneurship

Dimensions Key Indicators Practical Example
Economy Increased revenue, efficiency, and Selective fishing gear training, e-commerce, and
diversification cooperative management
Ecology Sustainable practices, ecosystem Ecotourism guide training, mangrove restoration, and
restoration reduction of juvenile fishing
Institutional Strengthening cooperatives, Leadership rotation, financial literacy, and collective
inclusive governance procurement

Source: (Bappenas, 2023; Mochklas et al., 2024; Fudge et al., 2023; Bayuningsih et al., 2024; Areche et al.,
2024)

Table 2 shows that the conceptual framework for sustainable coastal entrepreneur-
ship is built on three interrelated pillars: ecological sustainability, socio-economic
progress, and human resource development. The ecological pillar serves as the primary
foundation, emphasizing biodiversity conservation, preventing overexploitation, and
rehabilitating damaged ecosystems. Without these safeguards, critical sectors such
as fisheries, aquaculture, and tourism will face long-term vulnerability (FAO, 2022).

The socio-economic dimension plays a role in creating a fair and inclusive busi-
ness climate. Transparent market access, stable household incomes, and institutional
support through cooperatives or resource management councils can strengthen the
bargaining position of communities. These efforts also align with national policies
such as Minapolitan, which promote economic integration and local empowerment
(Bappenas, 2023).

The third pillar, human resources, serves as a bridge between ecological needs
and socio-economic aspirations. Technical training, digital literacy, and leadership
developmentenable communities to translate policies into practical practice. Real-life
examples include selective fishing gear training in East Java, mangrove ecotourism
development in Bali, and women's seaweed cooperatives in Nusa Tenggara (Moch-
klas et al., 2024; Bayuningsih et al., 2024).

This framework emphasizes sustainability as a cyclical process. A healthy
ecology creates economic opportunities, empowered local actors drive innovation,
and business profits are reinvested in conservation and capacity building. In this
way, coastal entrepreneurship is oriented not only toward economic growth but also
toward strengthening social justice and environmental resilience.

Human Resource Empowerment Case Study
Case studies in Indonesia demonstrate that strengthening human resource capacity

can transform the concept of sustainability from mere jargon into concrete practices
embedded in daily life. In this context, empowerment is not simply understood as
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a process of skills transfer. It encompasses building self-confidence, developing
leadership skills, and the ability to innovate amidst uncertain times. This process
enables coastal communities not only to survive but also to reimagine the relation-
ship between entrepreneurship and ecological responsibility (Fudge et al., 2023).

On the coast of East Java, for example, fishermen in a cooperative have begun
using selective fishing technology. This change initially reduced bycatch and increased
efficiency. However, the benefits extend beyond the ecological aspect. The training
program also incorporates financial literacy and digital marketing. With these skills,
fishermen can access more transparent price information, negotiate collectively,
and reduce dependence on middlemen. This combination of strategies strengthens
household income stability, even when marine commodity prices fluctuate on the
global market (Mochklas et al., 2024). This case highlights that ecological success
will only be sustainable if coupled with managerial and digital capacity.

A different approach is evident in Bali, where local communities are developing
ecotourism based on mangrove ecosystems. Residents are not only equipped with
skills as tour guides but also taught how to convey environmental messages using
local cultural narratives. Digital promotion training enables them to reach tourists
beyond the surrounding area. The economic results are tangible, with increased
household incomes. More importantly, a portion of this income is reallocated to
mangrove rehabilitation and community-based waste management (Bayuningsih
et al., 2024). Here, improving well-being and environmental conservation are not
mutually exclusive, but rather mutually reinforcing.

Further east, in Nusa Tenggara, a women-led seaweed cooperative demonstrates
how empowerment can transform both markets and social structures. With external
support, cooperative members shifted from selling raw seaweed to producing eco-
labeled snacks and cosmetics. Profits increased, while women's roles as decision-
makers within the cooperative and within the community became more visible. This
example demonstrates that sustainability strategies grounded in gender inclusion
not only enhance household economic resilience but also address long-standing
inequalities (Areche et al., 2024).

All these cases, combined, point to one crucial understanding: sustainable coastal
entrepreneurship relies heavily on comprehensive human resource development.
Technical knowledge, business acumen, and digital literacy are crucial, but they
need to be supported by institutions that ensure accountability and participation.
Without such a foundation, green business models remain mere talk. Conversely,
when implemented with solid institutional support, sustainability can be realized as
a concrete practice that strengthens ecosystems and enhances the socio-economic
resilience of communities (Fabinyi, 2022; Bappenas, 2023).
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Table 3. Case Study of Human Resource Empowerment in Coastal Communities

Location HR Intervention Key Results

Nusa Technical assistance for women's Margins 20-30% higher, revenues increased, and

Tenggara cooperatives women's participation increased.

Bali Ecotourism guide training, Household incomes increase by 25-30%, and mangrove
product design restoration funds are available.

General Digital training, e-commerce Stable prices, reduced dependence on middlemen, wider

market access

Source: (Mochklas et al., 2024; Areche et al., 2024; Bayuningsih et al., 2024; Masni et al., 2024)

Table 3 demonstrates the integrated policy direction designed to strengthen
sustainable entrepreneurship in coastal areas. This approach does not view ecology,
socio-economics, and institutions as stand-alone dimensions, but rather as parts of
an interconnected and mutually reinforcing system (Bappenas, 2023).

Ecologically, stricter monitoring of natural resource utilization and the restoration
of degraded ecosystems are crucial. Mangrove rehabilitation programs, marine habitat
protection, and incentives for environmentally friendly practices are positioned as
long-term investments. These efforts not only maintain the sustainability of fisheries
and aquaculture but also ensure the attractiveness of coastal tourism (FAO, 2022;
Bayuningsih et al., 2024).

Socio-economically, the focus is on strengthening human capacity. Field expe-
rience shows that technical training, digital literacy, and cooperative management,
when combined with access to microfinance and market networks, can increase
household incomes while strengthening community resilience. This initiative also
opens up broader participation for women and young people to take leadership roles,
as seen in the seaweed cooperatives in Nusa Tenggara, which have successfully
expanded their markets to include certified derivative products (Mochklas et al.,
2024; Areche et al., 2024).

Institutional aspects, emphasis is placed on transparent and participatory gover-
nance. Co-management schemes that combine local wisdom, such as the practice
of sasi laut in Maluku, with formal regulations, have been shown to strengthen
accountability and ownership in resource management. Collaboration with universi-
ties, NGOs, and the private sector also encourages knowledge transfer and program
sustainability beyond donor funding cycles (Fabinyi, 2022).

This strategic integration shifts the measurement of coastal development suc-
cess from mere economic output to broader indicators: ecological resilience, social
equity, and long-term sustainability. When environmental protection, community
empowerment, and strong institutions work hand in hand, coastal entrepreneurship
not only survives economically but also thrives as an inclusive and environmentally
friendly practice.
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ENVIRONMENTALLY FRIENDLY ENTREPRENEURSHIP MODEL

Designing a sustainable model of entrepreneurship in coastal regions requires
more than cosmetic “green” adjustments to conventional business practices. What
is needed is an integrated strategy that links ecological stewardship, human resource
empowerment, and institutional reinforcement into a single framework. The ulti-
mate objective is not only to generate income but also to ensure that communities
can prosper without undermining the ecosystems that sustain them. Such a model
should remain flexible, capable of being tailored to the cultural traditions, ecological
conditions, and institutional capacities of each locality (Bappenas, 2023).

At the foundation of this approach lies ecological integrity. No entrepreneurial
activity can truly be sustainable if marine habitats are collapsing due to destructive
fishing, coral bleaching, or unchecked pollution. Conservation practices such as
mangrove rehabilitation in Demak, selective fishing gear introduced in East Java, or
community-led waste reduction in Lombok are not merely environmental projects—
they are investments that secure both biodiversity and economic continuity (FAO,
2022; Mochklas et al., 2024). These initiatives show that protecting ecosystems
strengthens the resource base for long-term business viability.

The second pillar is the empowerment of local communities. Raising awareness
alone is insufficient unless people also acquire the skills, confidence, and autonomy
to act. Programs that provide training in digital marketing, financial literacy, or co-
operative management allow fishers, processors, and traders to innovate and adapt.
In Nusa Tenggara, for instance, women’s cooperatives that shifted from raw seaweed
sales to processed snacks and cosmetics not only improved profits but also enhanced
women’s leadership roles in their villages (Areche et al., 2024). Empowerment in
this sense is about enabling agency communities creating their own solutions rather
than depending indefinitely on external interventions.

Equally critical is institutional support. Even capable entrepreneurs require an
enabling environment to succeed. Reliable policies, fair market access, and transparent
governance are essential in translating ecological and human resource investments
into durable outcomes. Collaborative examples, such as co-managed fisheries in
Maluku that combine state regulation with sasi laut customs, illustrate how local
wisdom can reinforce formal systems and generate accountability (Fabinyi, 2022).
Partnerships with universities and NGOs further expand access to research, inno-
vation, and funding, ensuring that small-scale actors are not left behind.

What makes this model distinct is its adaptive and cyclical character. Instead
of treating sustainability as a final target, it recognizes continuous feedback loops.
Revenues from ecotourism in Bali, for example, have been reinvested into mangrove
rehabilitation, which in turn enhances the tourism product itself (Bayuningsih et al.,
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2024). Inthis virtuous cycle, ecological restoration and business growth reinforce one
another, creating resilience against both environmental shocks and market volatility.
Ultimately, sustainable coastal entrepreneurship arises not from choosing between
economic gain or environmental care, but from weaving ecological responsibility,
empowered communities, and strong institutions into a single strategy. When these
components operate in concert, coastal societies are better equipped to withstand
disruptions while actively shaping an inclusive and enduring blue economy.

Conceptual Foundation: Green
Entrepreneurship in a Coastal Context

In various coastal areas of Indonesia, the idea of green entrepreneurship has grown
from the realization that economic prosperity and environmental sustainability do
not have to be positioned as mutually exclusive. Instead, they can coexist and sup-
port each other. For fishing families, fish farmers, and tourism operators, business
success is measured not only by financial returns but also by the ability to maintain
the marine ecosystems that support daily life. Thus, green entrepreneurship is not
merely a theoretical discourse, but a real need that determines the sustainability of
coastal communities (FAO, 2022; Bappenas, 2023).

This foundational thinking is closely linked to two important academic tradi-
tions. First, human capital theory emphasizes that education, health, and skills
are the primary drivers of increased productivity and innovation (Becker, 1993).
Second, the capability approach highlights the importance of individual freedom to
transform resources into meaningful achievements (Sen, 1999). In the local context,
sustainability can only be achieved if fishermen are skilled at using environmentally
friendly fishing gear, women are able to master digital marketing strategies, or the
younger generation has the financial literacy to manage risk (Mochklas et al., 2024).

This thinking is then reinforced through the implementation of green business
models and circular economy principles. Both promote efficiency, resource reuse,
and waste reduction. Real-world practices can be found in community-based re-
cycling initiatives in Surabaya, sustainable shrimp farming programs in East Java,
and the development of seaweed derivative products in Nusa Tenggara involving
women's groups (Bayuningsih et al., 2024). All of these examples demonstrate that
sustainability is not an additional burden, but rather a strategy that provides long-
term benefits.

The community-based entrepreneurial dimension should also not be overlooked.
The sea sasi tradition in Maluku, for example, demonstrates how social norms and
collective trust can create effective resource management mechanisms (Fabinyi,
2022). Field experience demonstrates that when global theory is combined with
local values, green entrepreneurship transforms into practical practice. It not only
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maintains ecological sustainability but also strengthens social solidarity and expands
the economic resilience of Indonesian coastal communities.

Principles of Environmentally Friendly Entrepreneurship

Efforts to develop sustainable businesses in coastal zones are not only about
profitability but also about aligning economic practices with ecological stewardship
and community resilience. The guiding principles are intended to be practical rather
than theoretical, offering pathways for local actors to manage marine resources
responsibly while securing their livelihoods (Bappenas, 2023).

The first and perhaps most fundamental principle concerns ecological responsi-
bility. Coastal ecosystems—mangroves, seagrass beds, and coral reefs—are highly
sensitive and limited in their capacity to regenerate. Entrepreneurs who invest in
habitat restoration, adopt selective fishing gear, or establish waste collection systems
are simultaneously protecting the environment and ensuring the durability of their
enterprises. Without healthy ecosystems, long-term profitability is unsustainable,
a reality already visible in declining fisheries across parts of Sulawesi and North
Sumatra (FAO, 2022).

A second principle emphasizes human capacity building. Access to natural re-
sources alone does not guarantee resilience; communities must also acquire skills to
adapt and innovate. Training in financial literacy, digital marketing, or aquaculture
management enables households to transform risks such as climate variability into
new opportunities. In East Java, for instance, cooperatives that received combined
training in technical fishing methods and digital promotion managed to increase
catch efficiency while accessing broader markets (Mochklas et al., 2024).

The third principle relates to social inclusion. Women, youth, and marginalized
groups are often at the heart of processing, trading, and household financial manage-
ment, yet their voices in leadership remain limited. Experiences from Nusa Tenggara
show that when women’s cooperatives were supported to diversify seaweed into
snacks and cosmetics, not only did incomes rise but community decision-making
became more equitable (Areche et al., 2024). Inclusivity, therefore, is not simply
a matter of justice but also a driver of resilience and trust in collective resource
management.

A fourth principle highlights adaptive innovation. Sustainability is not achieved
through rigid templates but through the capacity to combine traditional knowledge
with contemporary tools. Examples include integrating aquaculture with mangrove
rehabilitation in Central Java or using mobile applications to link small-scale fishers
directly with ethical seafood buyers in Jakarta’s urban markets (Bayuningsih et al.,
2024). These hybrid approaches show how cultural traditions and modern technol-
ogies can complement one another.
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Finally, sustainable entrepreneurship depends on institutional support and ac-
countability. Strong governance, clear regulations, and partnerships with universi-
ties, NGOs, or private actors create the enabling environment for eco-enterprises
to flourish. Accountability mechanisms, such as community monitoring groups in
Maluku, help ensure commitments to conservation are honored while granting local
people a say in shaping outcomes (Fabinyi, 2022). These principles form a holistic
framework. By combining ecological care, skill development, social inclusion,
innovation, and institutional backing, coastal communities are better positioned to
achieve economic stability while safeguarding the natural and social systems that
will sustain future generations.

Empirical Evidence in Indonesia

Case studies in Indonesia demonstrate that sustainability only takes on real
meaning when translated into practical strategies implemented by communities
themselves. Investments in human resources—whether through skills development,
increased self-confidence, or institutional support—transform abstract environmental
ideas into entrepreneurial practices that can provide livelihoods while preserving
ecosystems. The long-term sustainability of these efforts depends on the synergy
between technical capacity, managerial skills, and accountable governance. These
three aspects reinforce each other in a sustainable and mutually beneficial cycle
(Bappenas, 2023; Fudge et al., 2023).

In East Java, for example, a training program aimed at small-scale fishing co-
operatives introduced the use of selective fishing gear. As a result, bycatch was
reduced by almost 20 percent and production efficiency increased. However, this
intervention went beyond ecological aspects. Fishermen also received training in
financial literacy and digital marketing. This knowledge enabled them to negotiate
directly with buyers, eliminating their complete dependence on middlemen. In this
way, family incomes become more stable despite the frequent fluctuations in glob-
al marine commodity prices (Mochklas et al., 2024). This case demonstrates that
ecological awareness must be combined with business acumen and digital skills for
long-term sustainability.

A different approach is evident in Bali, where local communities transformed
degraded mangrove areas into ecotourism destinations. Residents received training
not only as tour guides but also in environmental interpretation, visitor management,
and online promotion. Consequently, household incomes increased by around 25-30
percent. More importantly, a portion of the profits was allocated to mangrove reha-
bilitation and community-based waste management. This case demonstrates how
entrepreneurship can create a virtuous cycle, where economic success strengthens
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conservation, and conservation, in turn, maintains business sustainability (Bayun-
ingsih et al., 2024).

Another example comes from Nusa Tenggara, where a women-led seaweed
cooperative offers a new perspective on empowerment. With support in production
technology and cooperative governance, members were able to transition from
selling raw materials to selling value-added processed products, such as snacks and
eco-certified cosmetics. This diversification increases profits while strengthening
women's positions in leadership and decision-making at the community level. This
case demonstrates that empowerment is not only related to economic growth but
also to changing gender relations and strengthening community social resilience
(Areche et al., 2024).

This case study emphasizes that sustainable coastal enterprise development will
only succeed if ecological responsibility, human empowerment, and institutional
support go hand in hand. Technical knowledge alone is not enough; it must be com-
bined with financial literacy, digital skills, and inclusive leadership. The integration
of these dimensions enables coastal enterprises to generate stable incomes, strength-
en social equity, and maintain the long-term sustainability of marine ecosystems
(Fabinyi, 2022; Masni et al., 2024).

Table 4. Case Study of Human Resource Empowerment and Environmentally Friendly
Entrepreneurship in Coastal Communities

Location HR Intervention Key Results

East Java Selective fishing gear training, digital Bycatch reduced by 20%, CPUE increased, price
marketing stable

Bali Ecotourism guide training, Household income increases by 25-30%, mangrove

interpretation, safety, and digital restoration funding, and plastic waste reduction

promotion

Nusa Technical assistance for seaweed Diversification of environmentally friendly products,

Tenggara processing increasing margins, and increasing female leadership

Source: (Mochklas et al., 2024; Bayuningsih et al., 2024; Areche et al., 2024)

Table 4 shows that environmentally friendly entrepreneurial practices can only
thrive if human resource development goes hand in hand with economic innova-
tion and ecological awareness. In East Java, for example, fishermen's cooperatives
introduced to selective fishing technology successfully reduced bycatch while
increasing productivity. However, the greatest benefits emerged when ecological
interventions were combined with financial literacy training and digital marketing.
Fishermen were able to negotiate prices directly, reducing dependence on middle-
men, and maintaining income stability despite fluctuating market prices. A similar
trend was seen in Bali, where a mangrove ecotourism program not only increased
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household income by 25-30 percent but also encouraged reinvestment in ecosystem
rehabilitation and community-based waste management. Both cases emphasize
that sustainability stems from the integration of ecological innovation, managerial
skills, and digital literacy, not from either element alone (Mochklas et al., 2024;
Bayuningsih et al., 2024).

These entrepreneurial practices demonstrate the importance of institutional
support capable of maintaining program accountability and sustainability. Without
a clear policy framework, technical and economic achievements are vulnerable to
stalling. Conversely, with strong institutions, as demonstrated by community-based
initiatives in Bali and cooperatives in East Java, economic benefits can go hand in
hand with environmental improvements. This pattern creates a “double dividend”:
community well-being improves, while fragile coastal ecosystems receive sustain-
able protection. Therefore, green entrepreneurship in coastal areas is not only an
instrument for profit generation but also a foundation for inclusive development
that integrates social, economic, and ecological aspects (Bappenas, 2023; Masni
et al., 2024)..

InNusa Tenggara, women-led cooperatives in seaweed processing underscore the
power of empowerment and inclusivity. With targeted support in both production
techniques and cooperative governance, members expanded beyond raw exports
into value-added foods and eco-certified cosmetics. The result was not only higher
profitability but also an increase in women’s participation in leadership and com-
munity decision-making. This case demonstrates that sustainable business models
can simultaneously advance ecological goals, strengthen economic performance,
and correct gender imbalances (Areche et al., 2024).

Taken together, these cases affirm a key principle: the impact of technical,
managerial, and digital skills is greatest when embedded within institutions that
enforce transparency and ecological responsibility. Without strong institutional
backing, sustainability risks remaining rhetorical. But when such integration occurs,
communities are better able to achieve ecological resilience, economic security, and
inclusive growth (Fabinyi, 2022).

POLICY AND RESEARCH IMPLICATIONS

The findings carry important implications for policy. An entrepreneurship model
rooted in human resource development requires that human empowerment, gover-
nance, and ecological care be treated as interdependent. National programs—such as
Minapolitan—should notbe judged solely on economic outcomes. Broaderindicators
are needed, including household income stability, improvements in CPUE, wom-
en’s participation in cooperatives, and tangible results in ecosystem restoration. By
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widening the scope of evaluation, policies will better capture the multidimensional
character of sustainability (Bappenas, 2023).

Pilot experiences in East Java, Bali, and Nusa Tenggara suggest that replication
is possible, but scaling up demands continuous investment. Strengthening cooper-
ative governance, expanding digital infrastructure, and embedding training systems
at the local level remain priorities. With these supports, eco-entrepreneurship can
move from isolated cases to a nationwide strategy that balances prosperity with
ecological integrity and social equity. By broadening the criteria for success, poli-
cies can better capture the multidimensional nature of sustainability and ensure that
economic growth is accompanied by social empowerment and ecological resilience.
This will enable policymakers to understand the extent to which human resource
interventions truly improve community capacity while maintaining the balance of
coastal ecosystems. Furthermore, pilot experiences in East Java, Bali, and Nusa
Tenggara demonstrate potential for replication. However, ongoing investment in
training systems, strengthening cooperative governance, and digital infrastructure
is needed for the program to scale effectively.

From a research perspective, future agendas should explore the long-term
impacts of human resource interventions, including the gender dimension of eco-
entrepreneurship, and how digital ecosystems can accelerate the development of
environmentally friendly businesses. The emphasis on human resources at the core
of this model emphasizes that green entrepreneurship is not simply a response
to market pressures, but rather a systemic driver of inclusive sustainability. With
adequate human resource capacity, coastal communities can transform ecological,
social, and institutional challenges into innovative opportunities, broaden inclusion,
and strengthen collective resilience.

Empirical evidence in Indonesia shows that human resource empowerment
transforms sustainability principles into tangible, measurable outcomes, both eco-
nomically, socially, and ecologically. The success of this model depends on a com-
bination of skilled and empowered human resources, equitable institutional support,
and consistent practices of ecological reciprocity. This approach directly supports
the achievement of SDGs 12, 13, and 14, while positioning coastal communities as
active actors in the global blue economy. The following section will explore how
human resource empowermentimpacts entrepreneurial performance and sustainable
development outcomes, linking micro-initiatives to macro-policies, and affirming
the position of coastal communities as drivers of blue economy transformation.

Policy Recommendation

Strengthening ecopreneurship in Indonesia's coastal areas requires policies based
on a holistic perspective, not just partial interventions. Research shows that com-
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munity practices are often treated as separate entities. These three aspects should be
woven into an integrated framework that addresses ecological vulnerability, socio-
economic inequality, gender marginalization, weak institutions, and technological
limitations. Such an integrative approach not only closes policy gaps but also opens
up opportunities for sustainable growth through the ecotourism sector, the use of
digital platforms, and environmentally friendly resource management. If managed
well, these opportunities can support inclusive development while protecting in-
creasingly vulnerable marine ecosystems. Several policy recommendations that
need to be implemented are:

Financial Incentives and Support

In many coastal areas in Indonesia, the main obstacle to sustainable business
development is not only limited capital, but also the suitability of financing instru-
ments to local realities. The government, along with financial institutions, cannot
simply rely on conventional credit schemes, which are often rigid and difficult for
small-scale fishermen and micro-entrepreneurs to access. Therefore, breakthroughs
are needed in the form of more flexible alternative financing instruments, such as
green microfinance, blended finance, and technology-based grants. With a more
contextual approach, financial access will not only encourage innovation but also
strengthen the competitiveness of coastal businesses while maintaining the sustain-
ability of marine ecosystems.

Strengthening Human Resource Capacity

Coastal entrepreneurship development is not simply about capital; it must also
place people at the heart of the development process. Furthermore, field experience
shows that without capacity building, many coastal economic initiatives struggle to
sustain themselves in the long term. Therefore, public policy needs to be directed
toward a more holistic approach, one that combines local wisdom with contempo-
rary training strategies, proven to strengthen community capacity while maintaining
business sustainability.

Blue Economy Integration in Regional Planning
Institutional fragmentation often hinders cross-sector coordination. Policies
should encourage integration between the fisheries, tourism, and MSME sectors

within regional planning frameworks, such as the Regional Medium-Term Devel-
opment Plan, by establishing performance indicators aligned with the SDGs. Such
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integration fosters operational synergy, balances economic growth with ecological
conservation, and provides a foundation for objective, results-based evaluation.

Development of Local Innovation Ecosystem

Local governments have a crucial role to play in fostering local innovation, par-
ticularly in coastal areas vulnerable to environmental and market pressures. This can
be achieved by strengthening business incubators, building strong collaborations
between universities and communities, and accelerating the transfer of technology
relevant to community needs. However, field experience demonstrates that innova-
tion should not be solely focused on achieving short-term economic gains. Instead,
strengthening the capacity of digital entrepreneurs, processing environmentally
friendly products, and implementing appropriate technology must be prioritized to
increase competitiveness without sacrificing the sustainability of marine ecosystems.

Strengthening Regulation and Monitoring

Encouraging the growth of sustainable coastal entrepreneurship requires more
than just creating economic opportunities; it also requires robust governance. The
government needs to enforce clear environmental standards, strengthen community
participation mechanisms, and establish a consistent monitoring system. In practice,
designed policies must ensure transparency, prevent domination by local elites, and
provide an integrated evaluation framework capable of simultaneously assessing
economic, social, and ecological impacts.

Implementation Recommendation

Promoting green entrepreneurship in coastal communities requires a phased,
adaptive, and collaborative approach that integrates technical, institutional, social,
and economic dimensions. In the short term (1-3 years), policies focus on building
core capacities through training, access to green microcredit, and local environmen-
tal standards. The medium term (4—6 years) emphasizes blue economy integration,
cooperative governance, and coastal business incubators, while the long term (7-10
years) prioritizes blended financing, national innovation networks, and adaptive
climate regulations to ensure sustainability and resilience (Fudge et al., 2023).

This policy approach highlights the importance of flexibility, recognizing
that interventions must evolve in step with local ecological conditions, the skills
of human resources, and shifting socio-economic realities. No single actor can
achieve this alone. National agencies contribute by setting regulatory frameworks
and allocating funds, while local governments are better positioned to implement
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and monitor initiatives on the ground. Universities and research centers play a
complementary role through training and technology transfer. Civil society groups
and NGOs foster participation and ensure that social inclusion is not overlooked.
At the same time, private companies can strengthen the process through corporate
social responsibility programs, sustainable supply chain practices, and the diffusion
of new technologies (Areche et al., 2024). When these actors work in concert, they
reinforce one another—improving skills, institutional performance, financial access,
and innovation—while aligning with multiple Sustainable Development Goals
(SDGs), such as human resource development (SDGs 8, 14), financial inclusion
(SDGs 5, 8, 12), blue economy planning (SDGs 8, 13, 14), innovation ecosystems
(SDGs 9, 12, 17), and participatory governance (SDGs 12, 14, 17) (Fabinyi, 2022).
Such integration enables coastal communities to turn persistent local challenges into
opportunities for inclusive and sustainable development.

Future Policy Directions

Looking forward, coastal policy frameworks need to embrace a holistic vision of
sustainability—one that is simultaneously economic, social, and ecological, while
also adaptive to rapidly changing local and global contexts. Green entrepreneur-
ship policies should be grounded in empirical experience, informed by inclusive
development theory, and responsive to environmental, demographic, and market
transitions. Such strategies aim to ensure that economic development benefits local
communities while preserving the ecosystems that sustain their livelihoods.

Addressing climate change becomes a key component of this approach. Planning
for coastal entrepreneurship must incorporate actions that enhance resilience against
rising sea levels, extreme weather events, and fluctuations in marine resources,
while promoting sustainable practices. Equally vital is the adoption of digital tools
and innovative technologies. Online platforms can broaden market reach, improve
supply chain monitoring, and increase the value of locally produced goods.

Successfully implementing these strategies requires collaboration across mul-
tiple sectors, including government agencies, universities, private enterprises, and
community organizations. This kind of partnership not only facilitates faster tech-
nology adoption but also magnifies social and ecological benefits. In this frame-
work, eco-entrepreneurship transcends mere economic objectives. By combining
environmental stewardship with innovation and inclusive participation, it ensures
both the sustainability of natural resources and the well-being of coastal populations,
transforming them into active participants in building a resilient and enduring blue
economy for the future.
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CONCLUSION

This chapter emphasizes the pivotal role of human resources (HR) in promoting

environmentally responsible entrepreneurship within Indonesia’s coastal communi-
ties. The discussion illustrates that the effectiveness of the blue economy depends
not only on technology, financial capital, or regulatory frameworks, but fundamen-
tally on the expertise, practical skills, mindset, and organizational capabilities of
individuals and community groups working together.. Empowered HR can trans-
form ecological, social, and institutional challenges into innovative, inclusive, and
sustainable opportunities. Based on these findings, several key conclusions can be
formulated as follows:

a)

b)

c)

d)

Human resources' strategic role lies in their ability to bridge sustainability goals
with concrete results in the economic, ecological, and institutional spheres.
Improving technical, digital, and managerial capacity not only strengthens pro-
ductivity but also supports sustainable resource management and strengthens
local institutions that underpin the survival of coastal communities.

The eco-friendly entrepreneurship model in coastal communities centers on
three essential pillars: developing human resource competencies, strengthening
institutional ties, and implementing the principle of ecological reciprocity. Field
experience shows that economic and ecological sustainability are not separate
goals; both can be achieved simultaneously if human resources are empowered
comprehensively and supported by an institutional structure responsive and
adaptive to local dynamics.

The thematic policy recommendations emphasize five complementary strategic
areas: strengthening human resource capacity, providing financial incentives,
integrating the blue economy into regional planning, developing local innovation
ecosystems, and strengthening regulations and monitoring mechanisms. The
phased implementation approach, involving various actors, not only strength-
ens cross-sector collaboration but also ensures active community participation,
making the policies more adaptive, inclusive, and impactful in the long term.
The human resource-based approach significantly contributes to achieving several
Sustainable Development Goals (SDGs), especially SDGs 8, 12, 13, 14, and
17. This strategy creates environmentally friendly jobs, encourages sustainable
production practices, protects marine ecosystems, and strengthens cross-sector
partnerships supporting inclusive and sustainable development.

Book This chapter highlights the importance of integrating human capital theory
and the capability approach. Approach, and the blue economy framework with
real-world practices. These findings confirm that human resource empowerment
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is not merely a normative goal but a key driver of systemic transformation that
enables the blue economy to develop inclusively, adaptively, and sustainably.

Overall, coastal communities are now emerging as beneficiaries and central ac-
tors driving transformation in the global blue economy. The success of eco-friendly
entrepreneurship depends heavily on human resource empowerment, institutional
strengthening, financial access, and the creation of an integrated innovation eco-
system. Therefore, human resource capacity development must be a top priority in
formulating coastal development policies that are sustainable, responsive to change,
and inclusive for all community members.
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KEY TERMS AND DEFINITIONS

Blue Economy: The sustainable use of ocean and coastal resources to promote
economic growth, improve community livelihoods, and maintain ecological balance.
It includes traditional sectors like fisheries and tourism, as well as emerging areas
such as renewable ocean energy and marine biotechnology.

Circular Economy: An economic model focused on reducing waste and maxi-
mizing resource efficiency through recycling, reusing, and closed-loop production,
particularly relevant in coastal and marine enterprises.
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Community-Based Entrepreneurship: A locally driven entrepreneurial approach
that emphasizes cooperative structures, inclusive governance, and the integration
of socio-cultural values into sustainable business practices.

Eco-Entrepreneurship: Entrepreneurial activities that integrate environmen-
tal sustainability into business practices, balancing profit-making with ecological
stewardship and social inclusion.

Human Resource Empowerment: A process of enhancing the knowledge, skills,
and leadership capacity of individuals and communities to transform environmental,
social, and institutional challenges into sustainable entrepreneurial opportunities.
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ABSTRACT

Marine tourism, one of the fastest-growing segments of global tourism, benefits from
natural, cultural, and economic resources, especially in coastal areas. It includes
diving, water sports, yacht and cruise travels, and whale watching (Hall, 2001),
attracting diverse tourist profiles and supporting destination promotion. However,
besides economic gains, it also brings sociocultural and environmental impacts.
Mass tourism may lead to ecosystem degradation, sea pollution, and loss of biodi-
versity (UNEP, 2009). It can also affect the local community's economy, culture, and
traditions in both positive and negative ways. This study aims to contribute to the
literature by examining these ecological and social effects. The first part discusses
the concept, development, and importance of marine tourism, while the following
sections evaluate its environmental and social impacts.
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INTRODUCTION

Marine tourism is one of the fastest growing areas in tourism, which is one of the
largestindustries in the world, with its natural, cultural and economic resources. This
type of tourism, which takes place intensively in coastal areas, includes activities
such as diving tourism and water sports, yacht and cruise travels, whale watching,
etc. (Hall, 2001). With this rich diversity, marine tourism becomes attractive and
interesting for people with different characteristics. It also plays an active role in
the promotion of destinations in national and international markets.

However, alongside its economic benefits, marine tourism generates ecological
and social impacts that cannot be overlooked. Uncontrolled mass tourism may ac-
celerate ecosystem degradation, biodiversity loss, and marine pollution, while also
affecting the livelihoods, culture, and traditions of local communities (UNEP, 2009).
This chapter aims to critically examine the social and ecological impacts of marine
tourism, synthesizing findings from the literature while highlighting governance,
policy, and technological innovations for sustainable management.

LITERATURE REVIEW
Methodological Note

We consulted Web of Science, Scopus, ScienceDirect and Google Scholar (2000-
August 2025), prioritising peer-reviewed studies from 2020 onwards. The keywords
covered were 'cruise’, 'marina’, 'diving', 'Blue Flag', 'green/eco ports' (PERS/Green
Marine/GPAS), 'shore power', 'carbon-neutral cruise', 'leakage' and 'governance'.

Theoretical Context

Marine tourism studies often rely on tourism impact theories. Butler’s Tourism
AreaLife Cycle (TALC) model (Butler, 2006), Doxey’s Irridex model (Doxey, 1975),
the carrying capacity approach (Middleton & Hawkins 1998) and Blue Economy
Governance (Picken, 2025) provide frameworks to understand destination devel-
opment, resident responses, and sustainability challenges.

Definition and Scope of Marine Tourism
Marine tourism refers to a specific form of tourism and is the tourist's search for

a more direct and more permanent contact with the ocean (Kizielewicz & Lukovié,
2013). Marine tourism includes activities such as leisure activities, water sports
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and maritime activities and is gaining popularity (Martinez Vazquez et al., 2021).
Recreational travel to coastal and marine areas has probably been around as long
as humans. The sea has a strong attraction for people, which is not surprising given
its importance as a source of food and transport. As such, marine tourism forms
an important component of the wider tourism sector. Especially in many coastal
countries, marine tourism has become a primary focus. For these reasons, marine
tourism has emerged as the only type of tourism in many cases (Orams, 2002). Ma-
rine tourism has a broad structure. Therefore, this branch of tourism, which includes
natural, cultural and sportive elements, includes various activities and sub-sectors.

Figure 1. Sub-Tourism Types that can be subject to Maritime Tourism

Cruise
Tourism

Yatch and
Marina
Tourism

Marine
Ecotourism

Health
3 Coastal
Tourism Tourism

Diving and
Water
Sports

Tourism

Fishing and
Hunting
Tourism

Source: (Created by the Authors) (Gladstone, Curley & Shokri, 2013).

Cruise Tourism: Some areas of the global tourism industry are growing faster
than others and have the potential to generate higher revenues. Cruise tourism is
one of these areas (Papathanassis, 2020). It is defined as luxury holiday tours on
large cruise ships and cultural and historical excursions in port cities (Nedelcu et
al., 2015). Since the 1970s, with the development of air transport and the increase
in flight range, the need to attract passengers has led to the popularity of cruise
tourism. As cruise companies sought new markets, cruise travelling has become a
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strong trend in the tourism sector with a wide choice of destinations, themes and
different purposes. Modern cruise ships are seen as floating holiday villages with
a variety of services and activities. Therefore, these ships have become the primary
destination for tourists, while the land destinations they call at are of secondary
importance. With the increase in the size of the ships and the variety of services,
the effects of cruise tourism have become more and more evident. The continuous
increase in the number and size of ships has economic, social and ecological impacts
on the destinations visited (Kovaci¢ & Silveira, 2020).

Although cruise tourism is largely centred in North America, the Caribbean is the
most important destination. In recent years, Europe as well as Asia and the Pacific
regions have become increasingly important. Cruise tourism is of great economic
value, especially for island destinations, generating additional tourism revenue
through port services fees paid by operators and land-based tourism expenditure by
passengers and crew (Kester, 2003). Globally, millions of tourists each year travel
across oceans and continents to explore different destinations. In this context, the
number of cruise travellers is expected to exceed 35 million in 2027 (CLIA, 2020).
While luxury cruises create high economic value (De Melo Rodriguez et al., 2017),
they also cause significant emissions and port congestion. Carbon-neutral cruise
initiatives are being developed recently to mitigate these negative impacts (Braidotti
et al., 2023).

Yacht and Marina Tourism: Mikuli¢ et al. (2015) consider yacht tourism as
a type of special interest tourism and include yachting in a broader category of
marine tourism. They also use the terms marina tourism and recreational boat
tourism as synonyms for yacht tourism. In other words, yacht and marina tourism
can be defined as travelling by private yachts and maritime activities served by
marinas. Although some studies indicate that yacht tourism faces challenges such
as environmental impacts and the effects of the COVID-19 pandemic, it is stated
that it has experienced global growth and development due to factors such as luxury
consumption, economic benefits, and increased interest in sustainable practices
(Stepanets & Hryniuk, 2021; Seving & Giizel 2017; Ajagunna & Casanova 2022).
However, while yacht tourism represents luxury consumption and niche markets, it
also raises sustainability questions. This has led to the emergence of green marina
certifications and zero-waste initiatives (Ioras, 2025; Ioras & Bandara 2025).

Beach and Coastal Tourism: Coastal and beach tourism, whichis a holiday concept
based on the trinity of sun, sand and sea, is a diverse, dynamic, fast-growing and
economically attractive form of contemporary tourism that encompasses a variety of
tourism, entertainment and leisure-oriented facilities and activities (Lan & Thanh,
2023). Coastal tourism includes beaches as the main resource offering a variety of
natural ecosystems, landscapes, and historical and cultural features, such as local
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gastronomy (Pessoa et al., 2019). Indeed, in this type of tourism, natural attractions
are the primary factor in attracting tourists (Rangel-Buitrago et al., 2019).

Some studies suggest that coastal and beach tourism involves activities centred
around natural and cultural attractions, with tourist segments motivated by sun,
beach and leisure or ecological and cultural experiences, but facing challenges such
as environmental degradation, climate change impacts and governance issues that
require sustainable management practices (Onofri & Nunez, 2013; Liang & Ding,
2002; Gossling et al., 2018). This type of tourism relies on sunshine, sand and sea,
but it is vulnerable to erosion, climate change and pollution. Consequently, coasts
and beaches are receiving greater protection in the form of Blue Flag beach desig-
nations (Merino & Prats 2022).

Diving and Water Sports Tourism: Diving tourism is a low-impact recreational
activity that allows for environmental protection and socioeconomic benefits for
local communities (Cavallini et al. 2023). Diving tourism is a rapidly growing tour-
ism activity with a high potential to attract young individuals in all source markets
(Kothalawala & Arachchi, 2021). As a matter of fact, it can be stated that it is a
special type of tourism where people dive to explore the underwater world, providing
income and employment to local communities as well as contributing to marine
conservation and sustainability efforts (Dimmock & Musa, 2015). In addition, it
contributes at least USD 4 billion annually to marine ecosystems and helps finance
marine conservation initiatives and research (Nababan, 2023). Apart from diving
tourism, another type of tourism that can be considered within the scope of marine
tourism is water sports tourism. This type of tourism includes sailing, cruising,
motor boating, surfing, windsurfing, snorkelling and free diving as well as rafting,
canoeing and sailing training adventures (Jennings, 2007). Although diving tourism
is important for exploring and contributing to the economy of marine ecosystems, it
can also have negative impacts, such as physically damaging coral reefs, disturbing
marine life and disrupting the ecological balance (Dimopoulos et al., 2025). How-
ever, environmentally responsible diving programmes, awareness-raising training
and sustainability-focused practices can mitigate these threats and promote marine
conservation (Fernandez & Rivera 2024).

Fishing and Hunting Tourism: Sport fishing at sea refers to any recreational use
of marine fisheries, excluding commercial sale and fishing for profit (Pawson et
al., 2008). Despite concerns over food security and overfishing, recreational fishing
contributes to human nutrition by providing an accessible, affordable and sustainable
food source (Cooke et al., 2018). However, it is important that guided hunts in the
seas are carried out in an organised and rule-bound manner. As a matter of fact, in
addition to protecting the environment, it seems possible to keep species away from
threats by adhering to the rules (Velando & Munilla, 2011).
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Health Tourism: The therapeutic properties of the seas are combined with tourism
and offer unique opportunities for health, spirituality and sustainable development
(Jonas, 2024). As a matter of fact, health tourism activities in the seas can be stated
as tourism activities aiming to improve the physical, spiritual and mental conditions
of people through the effective use of natural healing resources (Chomka & Gut-
Winiarska, 2020; Kim & Boo, 2015).

Thalassotherapy, which is one of the practices within the scope of health tourism
at sea, is defined as the use of sea water and products obtained from the sea together
for preventive and therapeutic purposes under medical supervision in facilities near
the sea (Gomes et al., 2021). It is stated that thalassotherapy provides significant
improvements in disease severity and quality of life in skin and rheumatic disorders,
and the strongest evidence is seen in the treatment of psoriasis and fibromyalgia
(Antonelli & Donelli, 2024). On the other hand, climatotherapy applications are
the planned medical application of climatic factors to improve functions and pre-
vent or treat diseases (Amatya & Khan, 2023). As a matter of fact, SPA and health
centres established close to the sea provide holistic treatments by using sea water
and environments, while offering health and welfare environments to tourists in the
seas (Bjelland, 2006).

Marine Ecotourism:The least that can be said about marine ecotourism s thatitis
asubset of both marine nature-based tourism and sustainable marine tourism (Wilson
& Garrod, 2003). Marine ecotourism is an alternative income-generating activity
to fishing that relies on marine ecosystems, reefs and protected areas for tourism
(Cusack et al., 2021). As a matter of fact, this type of tourism is becoming more
important depending on the resources in marine areas and its economic potential is
becoming more and more recognised day by day. Apart from its economic potential,
it is stated that the marine ecosystem has a significant potential to produce a wider
range of benefits. In this context, marine ecosystems can provide benefits such as
funding for research on marine species and habitats, protection of marine resources,
economic resources for environmental management, and providing a focal point for
social and cultural regeneration of coastal communities (Wilson & Garrod, 2003).

Marine ecotourism provides the opportunity to examine the life in the seas
more closely. In this context, it can be stated as environmentally friendly activities
that include examining coral reefs, observing sea creatures (sea turtles, dolphins,
whales), bird watching in coastal wetlands and interacting with local communities
(Gladstone et al., 2013). In this direction, when the scope of marine ecotourism is
considered, it can be said that it is ecotourism that takes place in marine and coast-
al environments and can be part of an appropriate strategy to solve the problems
encountered in coastal environmental areas (Garrod & Wilson, 2004). Indeed,
marine ecotourism not only demonstrates an environmentally sound approach and
supports the conservation of natural resources, but also provides alternative income
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opportunities for local communities. Community-based practices in Mexica and
Norway are particularly renowned for their success in this area (De la Cruz-Modino
& Cosentino 2022; Cisneros-Montemayor et al., 2020).

Historical Development of Marine Tourism

Recreational travel to the sea and coastal areas has always existed throughout
history. Although these areas are visited for fishing and shellfish collection, they
have also been important places that have attracted people for recreational activities
such as swimming, exploring, resting and social activities for many years. It is even
stated that there are records showing that the seas are also preferred for activities
such as sailing for pleasure (Orams, 2002).

Coastal areas attract the most tourists and the fastest growth in the tourism sector
has been in the coastal and marine tourism sub-division. This area is very broad
and diverse, encompassing a wide range of activities on the coastline, in nearshore
waters, offshore, underwater and niche activities for specific interests (Gladstone et
al.,2013). Travel for leisure, recreation and holidays recovered slightly, reaching 56%
of all international arrivals in 2022, after falling to 53% and 54% in the pandemic
years 2020 and 2021. In contrast, travel for visiting friends and relatives, health and
religious purposes grew in 2020 and 2021, before falling to 29% in 2022 (World
Tourism Organization, 2024). It is possible to say that marine and coastal tourism
still occupies an important place in the sector, as the purpose of tourists' visits to
destinations is mostly for entertainment, recreation and holiday purposes, and the
sea and coasts are more suitable areas for these visit purposes. Therefore, marine
and coastal tourism is often referred to as one of the dominant sectors in many
ocean economies, especially in terms of economic contribution and the number of
people employed (Hynes et al., 2024). It can be stated that marine tourism has an
impact on regional development, infrastructure and service development, develop-
ment and promotion of local products, and environmental and cultural awareness of
local people, as well as having an impact on a global scale such as diversification
of tourism and promotion of cultural and natural heritage. In other words, it can be
stated that marine tourism is important in terms of economic growth, sustainable
development, ecosystem protection, social participation and tourist satisfaction
(Kasim et al., 2021; Li, Wu & Partwary, 2022; Sukran et al., 2025). While marine
tourism is a vital sector supporting economic development and employment, it also
poses risks of overexploitation of natural resources and environmental degradation.
Therefore, maintaining the balance between opportunities and risks is critical. The
COVID-19 pandemic has highlighted the fragility of maritime tourism, highlighting
the need for more resilient and sustainable recovery strategies (Kolesnikova, 2020).
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The Ecological Impacts of Marine Tourism

Tourism is one of the largest and fastest growing sectors in the global economy
and has significant environmental, cultural, social and economic impacts, both pos-
itive and negative. Tourism can be an important tool for economic development, but
if not properly planned, it can have devastating impacts on biodiversity and pristine
environments and lead to the misuse of natural resources such as freshwater, forests
and marine life (GhulamRabbany et al., 2013). With global tourist arrivals reaching
1.3 billion in 2023 (World Tourism Organization, 2024), it is not easy to determine
the consequences of tourism, even if it is assumed that such a large activity has a
significant impact on the environment (Gossling, 2002). As a matter of fact, the rea-
sons such as focusing on coastal destinations rather than the marine environment in
determining the possible effects of tourism on the seas, the heterogeneous structure
of the marine environment, the variability of the effects in the marine environment,
and the variability in the speed of the effects in different regions can be stated as
difficulties in determining the effects of tourism (Swarbrooke, 2020). For this reason,
it would be a more accurate approach to address some of the prominent results of
the ecological impacts caused by marine tourism.

Impacts on Marine Ecosystems

As is well known, tourism can contribute economically, socially and environ-
mentally locally, regionally and nationally. In other words, tourism can contribute
financially to conservation, but more importantly, it can provide interest and
awareness for conservation and act as a catalyst for the conservation of resources
(McKegg, 1999). The positive effects of tourism on marine areas can be shown by
carrying out tourism activities based on the understanding of sustainability of living
and non-living assets in the sea. As a matter of fact, studies show that tourism can
contribute positively to the protection of marine ecosystems, creation of economic
value and sustainability of ecosystem services through sustainable tourism practices
and conservation efforts (Prihadi et al., 2024; Bartolini et al., 2024; Lopez-Rivas &
Cardenas, 2024; Bryhn et al., 2020; Otrachshenko & Bosello, 2017).

Carrying out marine tourism activities with an understanding that prioritises
economic growth can also have negative impacts on marine ecosystems. In other
words, there may be pressure or threats on living beings in the seas due to over-
commercialised tourism activities. The impacts caused by tourism activities can
be seen especially on marine reptiles, seabirds, marine mammals and coral reefs
(McKegg, 1999). In this context, Avila et al. (2018) reported that human activities
in coastal waters worldwide pose significant cumulative risks to most marine mam-
mal species and that 51% of the core habitats of these species are high-risk areas.
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Bearzi (2017) states that although marine mammal-based ecotourism has economic
benefits and supports local economies, there are concerns about the sustainability of
the popularity of this type of tourism and its potential negative impacts on marine
species. Culhane et al. (2024) state that fishing and tourism and recreation activities
pose the greatest risk to tropical marine ecosystems, with coral reefs being the most
vulnerable. Gooden et al. (2024) found that cage diving boats using food-based at-
tractants increased white shark activity levels, minimizing changes in energy levels
and potentially affecting their health and fitness. Some studies have also shown that
marine tourism can lead to behavioural changes, health problems and ecological
degradation in marine reptiles, and that plastic pollution and anthropogenic wastes
can cause serious damage such as entanglement and ingestion, especially in species
such as sea turtles (Burgin & Hardiman, 2015; Bottari et al., 2024; Staffieri et al.,
2019). Indeed, research indicates that marine tourism can have an impact on the
marine ecosystem. However, shortcomings in conservation efforts are also a note-
worthy factor in addition to these negative pressures (Dong, 2025).

Degradation of Coastal Areas and Erosion

While economic growth in coastal areas comes to the fore as a result of marine
tourism activities (Liu & Cao, 2018), the increase in unsustainable practices can also
bring along various environmental problems (Swarbrooke, 2020). As a matter of fact,
some studies show that in coastal areas where this economic growth is experienced
but not properly managed, negative effects such as environmental pollution, habitat
degradation and waste increase can occur (Ji & Ding, 2024; Machado & de Andrés,
2023; Miller & Auyong, 1991; Swarbrooke, 2020).

As marine tourism activities take place in the seas, various impacts can also be
seen in coastal areas due to the fact that the sea and coasts are inseparable parts. In
this context, problems such as deterioration of beach ecosystems in coastal areas
(Buzzi et al., 2022), metal pollution on beaches due to overdevelopment of coasts
(Vetrimurugan et al., 2017), direct disposal of garbage in the beach environment
(Maione, 2021). In this context, Dal and Baysan (2007) stated in their study that
the Kusadasi coasts in Turkey experience intensive tourism activities in the sum-
mer months and as a result, the pressure experienced by the coastal areas causes
environmental and ecological degradation.

On the other hand, coastal erosion also increases in coastal areas due to the de-
velopment of marine tourism. Buildings, breakwaters and sea embankments built
on the coast, artificial widening of beaches, destruction of vegetation and overuse
of the coast can be stated as the reasons that trigger erosion (Swarbrooke, 2020;
Razak et al., 2023). In this direction, Gérmiis et al. (2014) conducted a study on
the touristic Karasu coast of Sakarya province and observed that harbour structures
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increase coastal erosion. Between 1987 and 2003, it was observed that the coastal
erosion was approximately 100 m. As a result of the study, it was understood that
the harbour constructed in the region had a great effect on this erosion. The coasts
are an important point for the tourism sector in Turkey and although coastal cities
cover less than 5 per cent of the total surface area of Turkey, they account for 51 per
cent of the population and 90 per cent of tourism revenues. The erosion of Turkey's
coasts results in the loss of about 6 per cent of GDP for capital loss (Albayrakoglu,
2011). However, unplanned and inadequately developed infrastructure practices
threaten ecological sustainability by causing accelerated coastal erosion not only in
Turkey but also on the African coasts (Charuka et al., 2023). On the other hand, the
degradation and erosion of the coasts as a result of the uncontrolled development
of marine tourism can be environmental and social, as well as economic losses. As
a matter of fact, Garcés-Ordoiiez et al. (2020) stated that the reduction of negative
ecological and socioeconomic impacts can be achieved through stronger controls,
education and awareness strategies.

Water Pollution and Waste Management Issues

Marine tourism is a sector in which water plays a central role both naturally
and economically. The quality, accessibility and sustainable management of water
are critical to the success and sustainability of marine tourism. Marine tourism is
directly related to the physical properties of water (cleanliness, clarity, mobility)
(Rhoden & Kaaristo, 2020). Indeed, the quality and accessibility of water affect
both the satisfaction of tourists and the quality of life of local people, especially on
islands and in water-dependent regions (Kim et al., 2024).

On the other hand, protection and management of water resources is an issue that
needs to be addressed in terms of economic growth and sustainability for marine
tourism (Lietal.,2022). Deterioration in sea water quality causes tourists to decrease
their desire to repeat and thus negatively affects the economic income of destinations
(Schuhmann et al., 2019). For these reasons, protection of water quality in coastal
areas is necessary for ecosystem health and sustainability of tourism activities. Poor
water management, pollution and excessive tourism reduce water quality, threatening
both biodiversity and tourism potential (Dreizis, 2020; Kurniawan et al., 2023).

While the water being different from normal affects marine tourism, uncon-
trolled marine tourism also causes water pollution and some problems to arise as a
result. Among the different effects of marine tourism, its effect on public health is
important. Indeed, in touristic destinations that already have scarce resources, the
increase in the consumption of water and especially fresh water resources due to the
periodic increase in the population generally causes pollution of the sea and serious
problems. As a result of excessive consumption, numerous sewage discharges affect
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coastal water quality. Accommodation facilities serving in coastal areas discharge
the wastewater generated into the sea without any treatment, causing the water to
deteriorate. In addition to accommodation facilities, water resources are overused
for swimming pools, golf courses and personal water use of tourists. This situation
causes water scarcity and deterioration of water resources, and therefore the emer-
gence of more wastewater. The problem of water pollution in the seas can also affect
tourists. It can cause various health problems in individuals, especially as a result
of exposure to polluted water (Gedik & Mugan-Ertugral, 2019).

The vehicles used within the scope of marine tourism also cause water pollution.
In addition to the negative effects of fuel consumption of cruise ships, it is known
that the bilge water they release into the sea causes various problems. The fact that
this waste water contains various chemicals is another factor that threatens the life
in the sea (Brida & Zapata, 2010). On the other hand, the same waste water problem
is also seen from yachts and sailing boats. In particular, the uncontrolled discharge
of bilge water into the sea causes pollutants such as petroleum derivatives, deter-
gent residues and various toxic substances to mix into the water environment, thus
disrupting the chemical balance of aquatic ecosystems and negatively affecting the
life of many organisms from plankton to fish (Amin et al., 2024). Eliminating these
problems is another problem. It can be said that the deficiencies in the solution of
water pollution problems caused by marine tourism are inadequate waste management
and deficiencies in policy and community participation. In the case of inadequate
waste management, wastes easily reach the sea due to lack of infrastructure and
ineffective waste collection systems (Tsai et al., 2021; Lapko et al., 2018; Hayati
et al., 2020; Nguyen et al., 2025; Schneider et al., 2018). In terms of deficiencies
in policy and community participation, it is seen that there are insufficient legal
regulations for sustainable waste management, and social awareness and stakeholder
participation are not at a sufficient level (Musyafah et al., 2025; Tsai et al., 2021;
Lapko et al., 2018; Hayati et al., 2020; Nguyen et al., 2025). As a matter of fact,
it can be said that integrated management is needed to solve the problems. In this
context, for the sustainability of marine tourism, waste management, water quality
monitoring and dissemination of environmentally friendly practices (Zheng and Liu,
2021; Gossling et al., 2018; Mejjad et al., 2023; Kurniawan et al., 2023) and legal
and political measures should be taken (Zheng & Liu, 2021; Mejjad el al., 2023).

Relationship Between Climate Change and Marine Tourism
Marine tourism interacts with climate change. Marine tourism is both affected by

climate change and can indirectly increase climate change through the pressures it
creates in coastal areas. The effects of marine tourism on climate change are related
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to the pressures on coastal ecosystems, the use of infrastructure and the increase in
local environmental stress factors.

Marine tourism can increase the impacts of climate change by putting pressure
on coastal and marine ecosystems. Local environmental stressors and infrastructure
pressures increase vulnerability to climate change. Marine tourism, together with
the expansion of coastal infrastructure, destruction of natural areas and increased
human activity, creates stress in coastal ecosystems. This stress can increase the
impacts of climate change and lead to losses in ecosystem services. (Weatherdon
et al., 2016; Arabadzhyan et al., 2021; Gissi et al., 2021). Local stressors such as
pollution, waste generation and habitat degradation associated with marine tourism
can exacerbate the impacts of climate change on the marine environment. This
increases vulnerability to climate change, especially in sensitive coastal areas (Van
Putten et al., 2014; Gissi et al., 2021). On the other hand, increased tourism activities
can increase nutrient loads and pollution, triggering harmful algal blooms. With
climate change, the frequency and severity of these events are increasing, which
leads to negative effects on tourism, fisheries and human health (Gobler, 2020). The
impact of maritime tourism on climate change can be given as an example through
cruise tourism. The high fuel consumption of cruise ships constitutes a large part
of the greenhouse gas emissions originating from transportation by sea. It is known
that the use of fossil-based energy, especially the intensive consumption of diesel-
based heavy fuels, significantly increases harmful emissions such as carbon dioxide
(CO,), sulfur oxides (SOx) and nitrogen oxides (NOx); this situation accelerates
global climate change by triggering atmospheric pollution and acidic sedimenta-
tion processes (Corbett & Winebrake, 2008). For example, a single large cruise
ship can emit as much carbon dioxide in a day as 80,000 cars (OECD, 2016). This
effect deteriorates the air quality, especially in coastal cities, and threatens general
public health. As can be understood from the example, it is possible to say that the
consumption of large amounts of energy in marine areas has an impact on climate
change by changing the greenhouse effect in the atmosphere (Ji & Ding, 2024).

Changes in marine ecosystems can also lead to significant shifts in tourism flows
and coastal infrastructure. These impacts mean both risks and new opportunities.
Indeed, in some regions, climate change can create new tourism opportunities. For
example, warmer climates can make some destinations more attractive (Weather-
don et al., 2016; Coles, 2020). Nevertheless, there are various ways to mitigate the
impact of marine tourism on climate change. In this context, it is vital to implement
adaptation measures such as renewable energy, coastal protection and resilience
planning (Zentner et al., 2023; Roberts et al., 2017).
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Social Impacts of Marine Tourism

The economic advantages of marine tourism have been demonstrated to be of
significance. However, it would be remiss to address the issue solely from this per-
spective. The repercussions of this particular form of tourism on societal entities are
of paramount importance and warrant meticulous examination. Local inhabitants
in coastal regions are subject to the direct impact of marine tourism. The following
changes in the culture, demographic structure and lifestyle of the local society have
been observed in the wake of marine tourism: The social impacts of tourist activities
may vary depending on the intensity, type and duration of the activity. The manner
in which tourists and local people interact is indicative of the direction of social
impacts. Intensive and direct interactions have been shown to increase cultural ex-
change and mutual understanding (Ginting & Jayanti, 2024). However, unplanned
and excessive density can lead to social tensions or cultural disruptions (Stylidis,
2020). Consequently, it is imperative to incorporate the social dimensions of marine
tourism into the development of a sustainable tourism management approach.

The positive social effects of tourism, such as the development of service infra-
structures, the creation of employment opportunities for local people, and the en-
hancement of income levels, thereby affecting overall welfare, are evident in regions
where tourism is prevalent. In particular, the economic opportunities engendered
by these industries have been demonstrated to encourage reverse migration and to
maintain a youthful population in coastal areas (Faulkner & Tideswell, 1997). Fur-
thermore, the development of destinations with regard to transportation, health and
education facilitates easier access to such services for local people. Consequently,
it also contributes to an enhancement in the quality of life in the region. However,
in instances where local populations are unable to benefit from these services and
provisions equally, it may also result in the emergence of social inequalities (Bi-
monte & Faralla, 2016).

Excessive and uncontrolled development of maritime tourism has the potential
to result in deterioration in the social structure. An increase in land prices in coastal
areas has the potential to result in elevated living costs for the local population and
to engender social exclusion. In certain instances, the advent of tourism-oriented
spatial changes can result in the marginalisation of traditional local life practices,
with artificial cultural representations being constructed according to tourist expecta-
tions assuming primacy in these areas (Doxey, 1975). The phenomenon of “cultural
alienation”, defined as the process by which individuals move away from their own
cultural values and adopt those of other cultures, is a salient feature of such cases.

The influx of tourists to the region, precipitated by the advent of maritime tour-
ism, has also given rise to various social problems that have a detrimental effect
on social life. This phenomenon is particularly pronounced in destinations that
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experience a surge in tourist arrivals during the summer season. The consequences
of this overcrowding include increased traffic congestion, intensive utilisation of
basic resources such as water and energy, and a deterioration in the daily living con-
ditions of the local population (Gossling, 2002). Concurrently, cultural divergences
experienced by tourists have the potential to precipitate value conflicts and social
tensions (Ayaz & Parlak, 2019).

Sociocultural Impacts on Local People

The impact of marine tourism on cultural change in coastal communities has
been a subject of considerable interest. Local inhabitants of coastal areas, which
experience heightened levels of tourism during the summer months, observe signif-
icant transformations in their social relations and daily lifestyles. It is evident that a
number of these transformations are experienced in relation to access to employment
opportunities and infrastructure/superstructure opportunities. It is evident that the
management of the socio-cultural effects of tourism is of significance not only
from the perspective of the local populace but also in terms of the formulation and
preservation of a sustainable policy for the region (Ap & Crompton, 1998).

The provision of cultural heritage elements in coastal areas for tourism purposes
has been shown to have both positive and negative consequences. In addition to
the protection of these areas, their transfer to future generations and the creation of
economic value, negative effects such as cultural degeneration, loss of authenticity
and physical wear are also encountered due to excessive tourism (Greenwood, 1989).

It is evident that local communities should be the focal point of any strategies
devised for the management of cultural heritage, and that a participatory approach
should be formulated with these communities. It is imperative that action is taken
for two principal reasons. Firstly, in order to protect cultural values, and secondly, so
that these values may be experienced and maintained. The approach formulated by
UNESCO within the framework of this principle is expressed as the “Living Cultural
Heritage” approach (UNESCO, 2003). Local communities should be integrated into
the process not only as an element involved in the realisation of cultural elements,
but also as the entities responsible for the transmission of this culture to future
generations. In light of these findings, it is recommended that local communities
be empowered to participate in the decision-making process concerning cultural
activities in coastal regions where marine tourism is prevalent (Timothy, 2006).

A series of policies must be implemented to reduce or eliminate the negative
socio-cultural impacts originating from coastal tourism. Of these, applications
concerning carrying capacity are of particular significance. It is imperative to take
precautionary measures regarding this issue, particularly in the context of cultural
heritage areas. The implementation of educational programs and projects aimed at
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raising awareness among local communities is also a policy that can be implemented
(McKercher & Du Cros, 2002). Furthermore, cultural assets should not be consid-
ered exclusively from an economic perspective, but should also be protected and
maintained in their symbolic meanings. It is imperative that young people engage
more actively in tourism and cultural activities in order to ensure a sustainable future.
The provision of support for the productions of female producers at a local level,
the archiving of cultural heritage elements in digital media, and the establishment
of a management approach that incorporates all stakeholders can only be achieved
by following sustainable policies in a cultural sense. This approach is predicated on
the premise that cultural values will be secured by strengthening the bond between
individuals in a social sense (Timothy & Boyd, 2003).

Changes in Social Structure

The most significant factor contributing to the substantial social transformations
observed in coastal regions is marine tourism. This phenomenon is particularly
evident in regions that are heavily reliant on tourism, where the population den-
sity tends to rise. Consequently, substantial shifts are evident in the demographic
structure and social relations (Papathanassis, 2023). The employment opportunities
of the region that develop with tourism also bring a wave of migration. With the
serious migrations, a complex and multicultural social structure is formed, thus
many coastal settlements with rural elements are faced with the phenomenon of
urbanization (Williams & Hall, 2000).

The economic disparities within society are exacerbated by the high cost of
marine tourism. The increase in investments in beach clubs, cruise ports and luxury
yacht marinas that appeal to high-income people has had an economic impact on
local communities and tourists. It is evident that the rise in the value of land and
plots within the region has a direct impact on the economic well-being of local in-
habitants, particularly those who are financially disadvantaged. This phenomenon
results in a migration of these individuals from the area, as they seek opportunities
elsewhere. This phenomenon gives rise to a perception of social injustice, thereby
disrupting the prevailing social structure (Bianchi, 2003). The tendency for tourism
investments, which have been shown to yield high economic returns, to be directed
towards large capital owners has the potential to exacerbate perceived inequalities
within society (Castilho & Fuinhas, 2025).

The impact of marine tourism on the social structure is twofold. Firstly, it en-
sures the participation of women in the workforce. However, as Kabil et al. (2024)
demonstrate, gender inequality may arise when the female workforce is predomi-
nantly employed in roles such as kitchen work, cleaning and sales. The attainment
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of economic independence by women engenders a shift in the balance of power
within the household, thereby facilitating a re-evaluation of established gender roles.

The impact of tourism on social structures can also result in substantial transfor-
mations within the family institution. The transition from the traditional extended
family structure to the nuclear family model is becoming increasingly rapid, partic-
ularly in the context of young individuals entering the tourism sector and achieving
economic independence at an early age. Moreover, the increase in seasonal and
migrant labour has been shown to engender phenomena such as the propagation of
extramarital unions, the escalation in divorce rates, and the redefinition of family roles
(Sharpley, 2014). In this context, it can be posited that marine tourism engenders a
multi-layered effect that has the capacity to transform the social fabric of societies.

Impacts on Income Distribution and Employment

Maritime tourism is a notable phenomenon in this regard, given its capacity to
stimulate economic dynamism in coastal regions. Nevertheless, the repercussions of
this growth on local communities are frequently the subject of critical assessments,
particularly with regard to the spatial and socioeconomic distribution of benefits
(Hynes et al., 2024). Investments in tourism-oriented enterprises in small-scale
settlements have the potential to generate employment opportunities in both direct
and indirect capacities. This phenomenon can be viewed as favourable from the
perspective of regional development policies. However, the question of whether
the employment and economic returns in question reach all segments of society in
an equitable manner constitutes a problem that cannot be ignored in terms of the
long-term sustainability of the tourism sector (Ashley & Roe, 2001). In coastal
cities, where the local population is predominantly engaged in low-income and
seasonal employment, it has been observed that tourism-related revenues are dis-
proportionately retained by multinational tourism companies and external investors
(Nguyen et al., 2020).

When evaluated in terms of its capacity to generate employment opportunities,
marine tourism has been found to engender seasonal job prospects (Pham, 2020).
Marine tourism, which has been demonstrated to facilitate the participation of wom-
en and young people in the workforce, is a significant social benefit in this regard.
However, the sector's employment prospects are characterised by limited financial
rewards, restricted career progression and an absence of social security benefits,
thus highlighting its significant drawbacks (Baum, 2007). The evidence suggests
that the employment of migrants, children and women in the informal sector, or with
flexible working hours and opportunities, serves to perpetuate social inequality. As
marine tourism provides intensive seasonal employment opportunities, local people
may become unemployed during the off-season (Radlinska & Gardziejewska, 2022).
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The consequences of tourism activities on income distribution are frequently
asymmetrical. While certain actors — especially those with substantial capital
capacity — reap considerable economic benefits from tourism, a considerable pro-
portion of the local population can only benefit from this growth to a limited extent
(Gilliland et al., 2020). A significant contributing factor to this imbalance is the
prevalence of firms operating in high-value-added service sectors, such as qualified
accommodation facilities, yacht tourism, and underwater sports, that are associated
with external capital. This phenomenon, conceptualised as the “leakage effect” in
the extant literature, manifests itself in the form of a significant proportion of the
income generated in the destination being transferred to external investors or main
centres instead of the local economy (Telfer & Sharpley, 2015). Consequently, in
order for marine tourism to contribute to the regional development of the region,
an inclusive economic strategy plan that takes local capacity into account should
be developed. The promotion of cooperatives, the support of local suppliers, and
the encouragement of small-scale businesses have been identified as key strategies
for achieving a more equitable distribution of the total economic benefit from
tourism (Torres & Momsen, 2004). The integration of the local population into a
qualified workforce can be achieved through education and vocational qualification
programmes structured to support this process. Such programmes can result in a
quantitative increase in employment and a quality-oriented transformation in the
labour market. This, in turn, will contribute to the increase in social living standards
in the long term (Danlu, 2023).

Effects on Cultural Heritage and Identity

It would be erroneous to discuss the relationship between only the natural en-
vironment and marine tourism in coastal settlements affected by marine tourism.
Furthermore, marine tourism has been shown to be closely related to the cultural
values and identities of the local population (Baihaqi & Annida, 2024). Activities
undertaken within the domain of marine tourism encompass historical elements,
cultural practices, and traditional motifs in coastal regions, presenting them in the
context of contemporary conditions. The integration of cultural heritage elements
into the domain of tourism activities is a strategy that has been proven to ensure the
preservation of cultural heritage. Conversely, it has been argued that this can result
in the transformation of these elements into commercial entities, thereby leading
to the dilution of their original significance (Greenwood, 1989).

In regions where tourism is prevalent, cultural heritage elements are increas-
ingly being detached from their original contexts and reshaped in accordance with
external demands. This phenomenon gives rise to the notion that external observers
assume a pivotal role in the construction of local identities. When evaluated in the
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context of the conceptualisation of “staged authenticity” introduced to the literature
by MacCannell (1976), authentic life practices are adapted to the taste of visitors;
thus, cultural expressions are reduced to a superficial and often commercial rep-
resentation. In this transformation process, traditional art forms, rituals, maritime
traditions and other local practices become divorced from their original worlds of
meaning, evolving into a mere visual and experiential consumption object. The
present generation of young people is acutely impacted by the ongoing process of
cultural identity renewal. It is an established fact that young people who engage
with citizens of other countries through the medium of tourism are afforded an
opportunity to compare their own culture with that of other cultures. Consequently,
their sense of belonging to their culture may be reinforced, or they may experience
a sense of alienation. Moreover, the pervasive utilisation of foreign languages in
tourist destinations has the potential to inflict harm upon the indigenous linguistic
traditions of the region (Smith, 2015). When evaluated within this framework, the
phenomenon of tourism offers both transformation opportunities and potential
threats that may lead to the damage of cultural integrity in the process of shaping
the collective identities of local communities. The redefining of identity through
representations aimed at visitors, on the one hand, increases socio-cultural visibility;
on the other hand, however, it may pose the risk of the instrumentalising of authentic
elements (Wang & Zhang, 2020).

The management of cultural heritage, when organised within an inclusive and
sustainable framework, has been demonstrated to positively impact tourism's effect
on cultural identity. In the evaluation of cultural heritage, it is essential to consider
not only economic returns but also historical continuity, symbolic meaning and
social belonging dimensions. In the process of heritage protection, it is of great
importance that local people are positioned not as passive spectators but as the
primary subjects of cultural production and transmission (Moric et al., 2021). In
this regard, following the approach of the United Nations Educational, Social and
Cultural Organization (UNESCO) to the concept of “intangible cultural heritage,”
there is a necessity for the development of sustainable policies in collaboration with
local actors, with the aim of preserving traditional knowledge systems, ceremonial
practices, narrative types and handicraft forms. Furthermore, educational initiatives
that enhance cultural capacity should be supported (UNESCO, 2003). Such holistic
approaches enable cultural identity to develop resistance against external effects and
to maintain its existence in the long term.

Tourism and Social Conflicts

Although tourismis often considered as an element that promotes socio-economic
development and facilitates intercultural communication, it can create various tension
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areas that can trigger social unrest, especially in regions where it develops without
control mechanisms (Yang et al., 2013). Touristic mobility, especially observed in
coastal areas where marine tourism is concentrated, paves the way for increasingly
deepening conflicts of interest between the life practices of local people, tourist
demands and the economic goals of investors. In the background of such conflicts,
structural factors such asimbalances in access to economic resources, incompatibility
between cultural value systems, the pressure of spatial transformation processes on
local identity and increasing demand for the natural environment play a decisive
role (Mbaiwa, 2005).

The daily lives of local people in regions affected by tourism are directly impacted
by tourism activities. It is evident that the transformation of areas inhabited by local
residents for tourism purposes engenders a profound shift in the prevailing social
order within the region. The restructuring of public settlements through various
means, including urban transformation for the construction of tourism facilities, has
been demonstrated to result in population migration (Dogan, 1989). Inregions where
this situation, termed “displacement”, is experienced, social unrest is likely to occur.
In regions where tourism-based facilities are dense, coastal areas are allocated to
private companies, which has the effect of restricting local people from benefiting
from the sea. This has the potential to lead to social unrest (Unhasuta et al., 2021).

In regions where coastal tourism is concentrated, conflicts between cultural
norms and social value systems can trigger various socio-cultural tensions between
local communities and tourists. In particular, visitors' behaviour in public spaces,
dressing styles, alcohol consumption or insensitive approaches to privacy perceptions
can be perceived as a cultural discomfort element by communities with traditional
values. Such normative conflicts can be interpreted in the context of the “Irridex
Model” developed by Doxey (1975). According to the relevant model, although
host communities initially approach tourism activities with tolerance and support,
they may tend to develop reactions such as anger, tension and open opposition
with increasing dissatisfaction over time. As this process progresses, there is the
possibility of a weakening of social solidarity, a disturbance of the perception of
security, and the observation of tendencies towards social polarisation. Incorporat-
ing local inhabitants into the tourism planning process is instrumental in ensuring
that tourism-related unrest within the community is mitigated. In the context of a
tourism planning process that engages the public, it is anticipated that the public
will embrace tourism and support its sustainability (Tosun, 2000). Furthermore,
the implementation of cultural protection policies aimed at strengthening social
equality, the adoption of holistic economic strategies to eliminate imbalances in
income distribution, and awareness-raising activities aimed at providing cultural
sensitivity to visitors can contribute to the reduction of potential cultural frictions
(Thi et al., 2024). Conversely, structural developments in the domain of marine
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tourism have the potential to act as a catalyst for the fragmentation of the prevailing
social structure, thereby exacerbating the existing disparities between communities.
This phenomenon stands in contrast to the anticipated role of marine tourism as a
catalyst for interaction, which is expected to foster local development (Hall, 2001).

Governance, Policy, And Technological
Innovation in Marine Tourism

Policy Frameworks: Strong policy frameworks are necessary to balance the
social and ecological impacts of marine tourism. Carrying capacity limits and des-
ignated coastal zones help to protect natural resources and improve the quality of
life for local communities (Saveriades, 2000). Eco-certification systems encourage
tourism businesses to fulfil their environmental responsibilities (Font & Buckley,
2001), while international agreements and collaborations contribute to the global
protection of marine ecosystems (UNEP, 2006). Examples of regional-level inte-
gration of sustainable development with ecosystem protection can be seen in the
European Union's Blue Growth Strategy and coastal policies implemented along
African coasts (Chen et al., 2020; Kaczynski, 2011).

Case Studies: Various regions have implemented concrete examples that demon-
strate successful approaches to managing the social and ecological impacts of marine
tourism. For instance, the quota system introduced on Australia's great barrier reef
helps prevent excessive tourist pressure (Davis & Tisdell, 1996), while Norway's
cruise ship emissions taxes contribute to protecting air quality and promoting public
health (Simonsen et al., 2019). In Latin America, coral reef protection programmes
ensure the sustainability of ecosystems and create alternative income sources for
local communities (Spalding et al., 2017).

Technological innovations: Technological innovations offer significant oppor-
tunities for monitoring and managing the social and ecological impacts of marine
tourism. Remote sensing systems and artificial intelligence-based monitoring tools
allow us to assess the condition of coastal ecosystems and detect environmental
threats early on (Jambeck et al., 2015; Kerr & Ostrovsky 2003). Digital participa-
tion platforms strengthen social sustainability by actively involving local people
in decision-making processes (Bramwell & Lane 2011). Conversely, smart port
management systems reduce emissions and minimise environmental impacts by
controlling overcrowding in ports (Acciaro et al., 2014).
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CONCLUSION

Marine tourism is a rapidly growing tourism branch that includes various
recreational and touristic activities in marine and coastal areas. Marine tourism
includes a wide range of activities such as beach tourism, boat tours, water sports,
diving, whale watching and provides significant contributions both economically
and socially. In this respect, marine tourism has attracted the attention of research-
ers and research on this subject has increased in the last thirty years and integrated
approaches that take into account environmental, economic and social dimensions
have been put forward (Guo et al., 2024). Indeed, the prominent effects of marine
tourism in ecological and social dimensions have been addressed in this research.

Marine tourism has an important place in the economies of many countries.
Its main effects are creating employment and contributing to local economies. It
is seen as a driving force, especially in developing countries, as the blue economy.
However, sustainable management is of critical importance in terms of reducing
environmental impacts and protecting natural resources. However, prioritizing the
concept of economic growth and overly commercialized touristic activities bring
problems in marine areas. Marine tourism activities not only cause changes in the
culture and living conditions of the local people in terms of social aspects, but also
can have effects on the coasts, waters, biodiversity and climate in terms of ecology.
When these effects emerge as a negative situation, they become a complex problem
that is difficult to manage. Because marine tourism activities cover a very wide
area and naturally even a small mistake that is not taken into account can make the
problem much bigger. Therefore, an action based on strategic planning is required
to prevent the emergence of negative effects of marine tourism or to eliminate
problems. In this context, it is most important for all stakeholders of tourism (local
people, tourists, central and local governments, tourism businesses, NGOs, educa-
tional institutions) to act within a common understanding. Indeed, it is difficult to
manage the ecological and social problems of marine tourism, but it is critical that
all stakeholders act within the framework of equal responsibility instead of a single
stakeholder in the management of these problems. The following suggestions can
be made within the scope of the research:

Balance the ecological and social dimensions.

Implement participatory governance frameworks.

Use technology to monitor and mitigate.

Promote equitable distribution of benefits.

Strengthen climate change adaptation and resilience planning.

Guide the post-Covid recovery process using sustainability principles.

N
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KEY TERMS AND DEFINITIONS

Ecological Degradation: Loss of quality, decrease in functionality and un-
sustainable changes in the structure, function, species composition and ecosystem
services of the natural environment due to human activities.

Socio-cultural Impacts: It refers to the positive or negative effects of tourism
activities on the social structure, cultural values, lifestyles and social relations of
local communities.

Stakeholder Participation: It is the systematic determination of the knowledge,
values and needs of individuals and groups that affect or are affected by decision-
making processes and their inclusion in the process.

Sustainability: It is a concept that aims to meet the needs of people today
without endangering the needs of future generations, while maintaining a balance
in environmental, economic and social (or human) dimensions, and to ensure the
long-term protection of natural resources and life support systems.

158



Mochamad Mochklas (mochama
1G1 Global Scientific Publishing

klas@ Downloaded: 12/15/2025 10:59:37 PN

Chapter 7
Climate Change and
Willingness to Pay for

Beach Conservation:
Insights From Costa
del Sol (Spain)

Laura Banks
University of Malaga, Spain

Alfonso Expésito
https://orcid.org/0000-0002-9248-4879

University of Malaga, Spain

ABSTRACT

Climate change (CC) and the increasing occurrence of extreme weather events pres-
ent significant threats to coastal regions, particularly those reliant on tourism. This
chapter analyses the case of the Mediterranean Costa del Sol in southern Spain, a
destination where tourism revenues and attractiveness are closely tied to the environ-
mental quality of its coastline. The study investigates beach users’ willingness to pay
(WTP) to support conservation and adaptation measures aimed at countering CC
impacts. Findings show that visitors are generally willing to contribute financially
to beach conservation, though this disposition is shaped by socio-economic and
attitudinal factors, including income, level of education, and environmental concern.
For coastal municipalities, the central challenge is to transform this willingness into
practical financing mechanisms that are socially accepted, transparent, and equi-
table. This study provides critical evidence for designing inclusive coastal policies
and awareness strategies to strengthen the climate resilience of beach destinations.
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INTRODUCTION

Climate change (CC) represents a growing challenge for tourism activities and
marine ecosystems both in Spain and globally, as climatic conditions are undergoing
rapid and profound transformations. In the case of the Mediterranean Costa del Sol,
located in southern Spain and recognized as one of Europe’s leading destinations
for sun-and-beach tourism, these impacts are particularly pronounced. Rising sea
levels, accelerated coastal erosion, and the increasing frequency and intensity of
extreme weather events, such as heatwaves and storms, are placing considerable
pressure on the region’s environmental resources and, consequently, on its long-term
attractiveness as a tourist destination. These challenges threaten coastal infrastruc-
ture, economic activity, and beach quality, ultimately reducing the region's appeal
as tourist destination. Rising temperatures are already affecting the Costa del Sol,
potentially making summers too hot for some visitors. Warmer waters can also lead
to declining water quality and increased beach safety risks due to the proliferation of
harmful algae (Mycoo & Gobin, 2013). Changes in precipitation and rising nighttime
temperatures further impact tourism dynamics, potentially altering visitor patterns
(Do O, A., & Seiz R., 2021). According to IPCC projections, temperatures in the
region could rise by 1.5°C between 2030 and 2052 if global warming continues at
its current pace (IPCC, 2019). Additionally, the average temperature of the Medi-
terranean Sea could increase between 1.5°C and 4.5°C, depending on greenhouse
gas emission scenarios (Pérez-Juan et al., 2022).

Coastal erosion and sea level rise constitute good examples of CC impacts on
coastal destinations (Vitousek et al., 2017). Coastal erosion refers to the progressive
loss and displacement of shoreline materials, such as sand, gravel, and rocks, due
to natural processes like wave action and ocean currents. Human activities, such as
coastal construction, and CC exacerbate this phenomenon (Ramdas & Mohamed,
2014). According to Spain’s Coastal Regulations, beach regression rates range from
1.5 to 4.5 meters per year, with some areas experiencing retreat exceeding five me-
ters (Rejon, 2024). These climate-induced changes have significant socioeconomic
consequences, including reduced tourism attraction, declining revenues for coastal
businesses, and increased costs associated with beach cleanup and recovery efforts.
Additionally, the degradation of beach ecosystems affects biodiversity, leading to
the disappearance of native species and the proliferation of non-native organisms
that disrupt ecological balance. Rising sea levels and extreme weather events further
stress coastal infrastructure, requiring expensive adaptation measures to minimize
damages.

This study aims to assess the willingness to pay (WTP) of beach users to con-
tribute to financing conservation measures in response to the impacts of CC and
extreme weather events. Additionally, our assessment aims to explore the factors
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(e.g., socio-economic, attitudinal, CC awareness) that determine respondents’ WTP.
The case study of the coastal town of Fuengirola in the Spanish Costa del Sol has
been selected to fulfill these research objectives. The study contributes to Sustainable
Development Goal (SDG) 13 “Climate Action” by exploring sustainable financing
mechanisms for coastal protection. Additionally, it underscores beaches' economic
and environmental significance as crucial assets for local communities. The results
reveal significant correlations between WTP and various socioeconomic and en-
vironmental factors. Interestingly, higher-income, environmentally concerned, and
frequent beach visitors are more willing to pay for conservation measures. Foreign
tourists are willing to pay more than national visitors. Regarding the respondent's
gender, women demonstrate slightly higher WTP than men. Visitors' educational
background also plays a role; higher-educated respondents exhibited higher WTP,
and those who expressed strong concern for CC were more inclined to contribute
financially. These findings highlight the importance of tailoring coastal manage-
ment policies to different demographic groups, ensuring equitable contributions to
conservation efforts.

This chapter is organized as follows. The next section provides a brief review
of recent comparable studies conducted in other coastal locations. This is followed
by the presentation of the case study of Fuengirola (Spain), together with a detailed
description of the data, materials, and methodological approach employed in the
analysis. The subsequent section outlines the main empirical findings, which are
then discussed in light of their policy implications, with particular attention to
recommendations for coastal management and climate adaptation. The chapter
concludes with a set of final remarks that synthesize the key contributions and
highlight avenues for future research.

LITERATURE REVIEW

The economic valuation of coastal resources, particularly through contingent
valuation (CV) methods, has become a widely applied tool to assess visitors’ WTP
forenvironmental improvements and conservation actions. CV provides a framework
to capture the non-market value of environmental goods by eliciting preferences
directly from users and visitors (Mitchell & Carson, 1989; Hanley & Barbier, 2009).
In the context of CC and its impacts on coastal areas, CV has been employed to
understand how beach users perceive risks such as erosion, pollution, and ecosystem
degradation, and how much they are willing to contribute financially to mitigation
and adaptation strategies (Nesha Dushani et al., 2023; Onofrio et al., 2025).

Several case studies highlight the diversity of contexts, methods, and outcomes
when applying CV to coastal environments. For example, Alves et al. (2015) con-
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ducted a survey with 765 users across three beaches in Cadiz (Spain), focusing on
perceptions of erosion and preferences for improved beach management. While
respondents exhibited high awareness of coastal erosion, only 12.9% expressed a
positive WTP, attributing their refusal primarily to economic constraints, percep-
tions of high taxation, and the belief that conservation should be financed through
existing public mechanisms. Similar results were highlighted by Schuhmann et al.
(2024) using data from a CV model and a discrete choice experiment carried out
in Grenada (Caribbean Sea), where more than half of respondents were reluctant
to donate for conservation purposes due to a wide variety of reasons. This outcome
illustrates how socio-economic context and attitudes towards governance can limit
the financial feasibility of user-based mechanisms.

By contrast, Kontogianni et al. (2014) studied two beaches on Lesvos Island
(Greece) affected by beach rock formation, surveying 106 European tourists. They
reported a much higher level of acceptance, with 47.2% of respondents willing to
pay, and estimated average household contributions ranging from €13.2 to €16.4
annually. Importantly, they identified explanatory factors, such as participation in
water sports, marital status, and employment conditions, that positively influenced
visitors’” WTP. These findings underscore the role of visitor characteristics and
recreational preferences in shaping economic valuation outcomes.

Another perspective is provided by Birdir et al. (2013) in Mersin (Turkey), where
402 beach users were surveyed to assess their WTP for improvements in cleanliness,
provision of social activities, and maintenance of landscape quality. Average WTP
values per visit ranged from €1.77 to €2.33 depending on the beach, and over 92%
of respondents declared a positive WTP. Younger visitors and more frequent beach
users were particularly willing to contribute. This case contrasts with the study of
Alves et al. (2015), illustrating that WTP can be substantially higher in contexts
where tangible improvements, such as enhanced services and amenities, are directly
visible and valued by users.

Studies, such as those of Enriquez-Acevedo et al. (2018), focused on the case of
three beaches in the Colombian Caribbean (Puerto Velero, Cafio Dulce and Salgar),
and Choi et al. (2021) addressing the case of Haeundae beach in Korea, have pointed
out that a majority of visitors usually expresses a positive WTP, suggesting a strong
commitment to preserving ecosystem services. Environmental awareness, perceived
vulnerability to ecosystem loss, and satisfaction with the beach were among the
strongest predictors of WTP.

A broader national-scale analysis was undertaken by Rodella et al. (2019), who
surveyed more than 5,000 users across 41 beaches in 11 Italian coastal regions. Their
results indicated a national average WTP of €14.84 per year, with 58% of respon-
dents willing to contribute. Age and gender emerged as significant predictors, with
women and older respondents reporting higher WTP values. This large-scale study is
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particularly relevant as it demonstrates that, despite site-specific differences, CV can
provide robust evidence to support policy decisions at regional or national scales.

Finally, in East Asia, Liu et al. (2021) studied 259 visitors to Qingdao beaches
(China), focusing on how environmental perceptions and satisfaction influenced
WTP. Their findings revealed that visitor satisfaction was positively correlated with
WTP and that perceived quality dimensions (particularly intangible aspects such as
natural beauty) were the strongest predictors of higher contributions. These results
reinforce the idea that perceived environmental quality and visitor experience are
central determinants of economic valuation outcomes.

Taken together, these studies reveal several important insights. First, WTP estimates
for beach conservation vary widely depending on local socio-economic conditions,
beach characteristics, and the type of conservation or service improvement proposed.
While studies such as Alves et al. (2015) highlight limitations in contexts where
users view conservation as a government responsibility, other studies (Birdir et al.,
2013; Enriquez-Acevedoetal., 2018) demonstrate broad support where conservation
benefits are perceived as direct, tangible, and immediate. Second, socio-demograph-
ic variables such as age, income, nationality, and recreational habits consistently
emerge as significant determinants of WTP, underlining the need for tailored pol-
icy instruments. Finally, these cases underscore the usefulness of CV method as a
policy-relevant tool. By quantifying user preferences and financial commitments,
CV provides empirical evidence to guide the design of sustainable financing mech-
anisms for coastal adaptation and conservation, a need that is especially urgent
under accelerating CC pressures (Hanley & Barbier, 2009; Freeman et al., 2014).
This study aims to contribute to the scarce literature on the assessment of beach
users’ WTP (and its determinants) to contribute to beach conservation in a context
of increasing impacts of CC on coastal regions. With this aim, this study analyses
the case study of Fuengirola, a touristic coastal town on the Spanish Costa del Sol.

CASE STUDY

Fuengirola constitutes an emblematic tourist destination situated on the Mediter-
ranean Costadel Sol, in southern Spain. The Costa del Sol region is highly dependent
on tourism and its associated economic sectors, including commerce, hospitality,
and real estate. This strong reliance renders the area particularly vulnerable to the
impacts of CC, as environmental alterations can directly affect both the physical
assets (e.g., beaches, coastline, infrastructure) and the socio-economic foundations
of the local economy.

The town of Fuengirola has undergone a profound transformation in the last de-
cades. From its origins as a modest fishing village in the first half of the twentieth
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century, the city has evolved into an international hub of tourism. This trajectory
has been shaped by a combination of geographical, economic, and cultural factors.
Its privileged position on the Mediterranean coastline, the availability of extensive
sandy beaches, a temperate climate, and a wide array of leisure and cultural services
have together consolidated its attractiveness as a global tourism destination. The
town is located in the central part of the Costa del Sol, alongside other renowned
tourist municipalities such as Benalméadena, Mijas, and Marbella. Despite covering
an area of only about 10 km?, Fuengirola is one of the Spanish cities with the highest
population densities, surpassing 8,000 inhabitants per km?. The municipality has 8
km of beaches fully integrated into the urban landscape. These beaches have received
notable recognitions, including the Q for Quality certification and multiple Blue
Flag awards, conferred by the European Union in recognition of high standards of
maintenance, water quality, and beach services (Fuengirola City Council, 2023).

The coastline of Fuengirola represents one of its most important natural resources,
functioning not only as a central attraction for international visitors but also as a
recreational and social space for residents. The beaches are equipped with diverse
services such as showers, sanitary facilities, beach bars, and designated areas to
ensure accessibility for people with reduced mobility (Fuengirola City Council,
2024). Furthermore, the coastal strip combines highly urbanized beaches with
heavy tourist influx and other areas that, though less developed, retain considerable
ecological and scenic value.

In recognition of its efforts toward sustainability and integrated coastal manage-
ment, Fuengirola obtained in March 2023 the “S for Sustainable Tourism” certifi-
cation across all its beaches, awarded by the Spanish Institute for Tourism Quality
(ICTE). This distinction reflects the municipality’s commitment to responsible coastal
governance and its focus on ensuring high standards in accessibility, environmental
quality, and public services (Fuengirola City Council, 2023). Such achievements
position Fuengirola not only as a consolidated tourist hub but also as a case study
for exploring the interplay between coastal tourism development, environmental
sustainability, and CC adaptation in Mediterranean destinations.

As previously noted, the Spanish Mediterranean coast -including the Costa
del Sol- is experiencing severe impacts from CC, manifested through increasingly
frequent and intense extreme weather events such as storms, flooding, and coastal
erosion (Laghrissi, 2024). During the 2024-2025 period, several such events pro-
duced considerable damage along the Fuengirola coastline. These disturbances left
the beaches covered with dense accumulations of organic debris, a visible sign of
erosion processes and the disruption of marine ecosystems. The coastline itself has
retreated, and the morphology of the beaches has undergone substantial alteration.
The accumulation of algae and other plant matter, transported by strong winds, wave
action, and sea currents, reflects both the intensity of the meteorological events and
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the vulnerability of the coastal ecosystems. In addition to environmental impacts,
the storms left parasols, loungers, and other beach infrastructure abandoned and
entangled within the debris, further evidencing the destructive force of the waves.
Beyond aesthetic degradation, the deposition of organic matter disrupts natural sed-
imentation processes and has potential negative implications for local biodiversity
and ecosystem functioning.

In response, the municipality of Fuengirola has taken important steps to rein-
force its resilience to CC in the last years. Local authorities have adopted a series
of municipal climate action plans, sustainability initiatives, and beach regeneration
projects supported by local, national, and European funding sources. These initia-
tives demonstrate a clear institutional commitment to safeguarding the coastline for
future generations while also maintaining the city’s competitiveness as a premier
Mediterranean tourist destination. Notable measures include:

- Beach maintenance and cleaning: Daily cleaning operations and regular sand
regeneration activities to counteract erosion and preserve beach quality.

- Marine ecosystem protection: Sustainable development programmes designed
to conserve marine habitats and promote eco-friendly forms of tourism.

- Sustainable infrastructure development: Efforts to preserve and upgrade
coastal promenades and related infrastructure, integrating innovations such
as solar-powered watchtowers and projects that enhance accessibility and
sustainability.

- Community awareness and education: Initiatives targeting beach users with
campaigns on waste management, recycling, and environmental stewardship,
thereby fostering civic responsibility.

- Climate adaptation planning: Strategic measures within municipal adaptation
frameworks aimed at mitigating climate impacts on coastal infrastructures
and ecosystems.

Given the scale of the climate threats, there is a pressing need to intensify
adaptation strategies and strengthen the resilience of beach ecosystems and infra-
structures. Such measures require significant financial investment and innovative
financing instruments to ensure long-term sustainability. In this respect, societal
contributions (through both public and user-based funding) are likely to play an
increasingly important role in safeguarding coastal resources.

In recognition of the urgent need to repair climate-related damages, the Spanish
national government launched in November 2024 a targeted financing programme
for the conservation and regeneration of beaches in Mélaga province, including
Fuengirola. With an investment of €2.1 million, the programme has funded the repair
of coastal infrastructure, sand transfers to eroded areas, and measures to conserve
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coastal ecosystems, all implemented in close coordination with local municipalities
(Ferrary, 2024). At the local level, Fuengirola has also articulated its long-term
vision for resilience through the Local Action Plan Urban Agenda 2030, which
establishes objectives for climate mitigation and adaptation, risk prevention, and
integrated coastal zone management. These initiatives are crucial for enhancing the
municipality’s adaptive capacity and ensuring its ability to cope with the multifaceted
impacts of CC (Fuengirola City Council, 2024).

METHOD AND MATERIALS

The concept of Willingness to Pay (WTP) refers to the maximum monetary con-
tribution that an individual or a collectivity is prepared to offer for the acquisition
or preservation of a particular good or service. A variety of methodologies exist to
estimate WTP across groups of individuals, among which the contingent valuation
(CV)method has gained widespread recognition in academic research. This approach
is particularly useful for assigning economic values to goods and services (such
as environmental assets) that are not traded in conventional markets and therefore
lack an explicit market price (Exposito et al., 2021). Although WTP estimates are
inherently subjective, they provide a valuable rationale for implementing measures
that may not yield direct financial returns but nonetheless enhance social welfare
and environmental quality (Ramdas & Mohamed, 2014). Within the framework
of CC adaptation, WTP analysis enables the valuation of preventive or adaptive
measures, such as coastal conservation and adaptation measures. In addition, these
estimations help assess the degree of public acceptance of specific interventions,
thereby facilitating the design of more effective policies and ensuring the financial
sustainability of conservation and adaptation initiatives.

Kristrom and Riera (1997) describe CV as a simple method based on asking a
group of people how much they would be willing to pay to obtain a particular good.
In essence, this method is based on conducting surveys to potential consumers on a
natural good or service, simulating a hypothetical market. In this market, the inter-
viewer represents the supply and the respondent the demand. Through open or dichot-
omous questions, the aim is to determine the maximum willingness of respondents
to pay to continue enjoying the benefits associated with the natural resource, thus
allowing its value estimation. This approach is based on the fact that respondents are
interested in reflecting their actual preferences and agree to contribute financially
to the conservation of the natural resource by paying an entrance fee. Therefore, it
is important to exclude protest responses (negative answers based on the discontent
behavior of the respondent). In our case, the surveys were conducted in person,
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with the interviewer acting as a fictitious seller and the interviewee as a potential
buyer. The main objective of the interviews was to identify the participants’ WTP.

For this study, a double-bounded approach was used, which has been widely
validated in the recent literature as a reliable method to estimate the willingness of
a sample of individuals to pay for environmental services (Nesha Dushani et al.,
2023). This approach asks two questions related to different monetary offers (or
bids). If the respondent answers yes to the first question, they are presented with a
second, higher offer. In case of a negative response, the second offer will be lower.
Thus, the second question depends directly on the answer obtained in the first,
which makes it possible to collect more information about the respondent compared
to the single-limit approach. However, this method also requires a more complex
econometric analysis due to the high amount of data obtained.

A brief description of the econometric model used in this study is presented in
Exposito (2019), where the general function of the WTP can be expressed as:

WTP(@ ”i) = Zilﬁ+ U,

where z, represents the vector of explanatory variables, including the offer
amount, /3 is the explanatory parameter vector, and u, corresponds to the error term.

In our specific case study, both a double-limit contingent valuation method
and open-ended questions related to the maximum contribution declared by the
respondents were used. Data was collected from 453 surveys conducted between
December 2024 and January 2025 at various locations along the town's coastal
promenade and beaches. The questionnaire was divided into four sections. A first
introductory section, in which a brief explanation of the study objectives was pre-
sented to the respondents. A second section aimed to gather demographic and be-
havioral information from the respondents, such as gender, age, education, income,
environmental concerns, beach usage, and behavioural patterns. A third section
focused on questions about the respondents' awareness and perception of the CC
impacts on the beach. Finally, last section is devoted to assessing the respondent's
WTP to finance beach conservation and climate resilience measures based on the
CV method previously presented.

As commented, our WTP estimation relies on a double-bounded dichotomous
choice model, which is widely recognized in the existing literature for its reliability
in environmental valuation studies (Enriquez-Acevedo et al., 2018; Expdsito, 2019).
A dichotomous question was posed to know if the respondents would be willing
to contribute financially by paying a fee when using the beach. At this point, it is
worth noting that the fee range from €0.50 to €3 was defined in a pre-test phase of
50 surveys to beach users, where 95% of surveyed people responded with amounts
within this range. Firstly, the respondent was asked if he/she would be willing to
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pay. In case of an affirmative answer, respondents were presented with a predefined
initial random bid within the defined range: 0.50, 1, 1.50, 2, 2.50, or 3 euros. If they
accepted, they were offered a higher bid. On the contrary, if they reject it, they are
offered a lower bid. Once the respondent was asked those two random bids, he/she
was asked an open-ended question on the maximum amount the respondent would
be willing to pay. This study did not use protest answers, amounting to 24% of the
surveyed users. Respondents who expressed a protest to pay were asked about the
reason for their refusal. Most of them answered that they already paid too much in
terms of taxes and other fees and that the national/local governments should cover
those beach conservation expenses. The main variables used in this study are de-

scribed in Table 1.

Table 1. Variables description

Demographic variables Description
Sex Male (0), Female (1)
Age <20 years (1), 20-34 years (2), 35-50 years (3), 51-65 years (4), >65 years

(©)

Nationality

National (0), Foreign (1)

Income

Low income <20000 eur/year (1), Middle income between 20000 and
40000 euro/year (2), High income >40000 eur/year (3)

Educational level

Secondary education or below (1), post-compulsory secondary education
(2), university graduate (3), postgraduate (4).

Expenditure (per day)

<5 Eur/day (1), between 5 and 10 Eur/day (2), >10 Eur/day (3)

Time at the beach (per day)

<1 hour (1), between 1 and 3 hours (2), >3 hours (3)

Perception of beach
characteristics

Clean water

Not important (1), important (2), very important (3)

Sand cleaning

Not important (1), important (2), very important (3)

Beach access

Not important (1), important (2), very important (3)

Comfort

Not important (1), important (2), very important (3)

Beach width

Not important (1), important (2), very important (3)

Noise Not important (1), important (2), very important (3)
Agglomeration Not important (1), important (2), very important (3)
Restoration Not important (1), important (2), very important (3)

Sunbeds and umbrellas

Not important (1), important (2), very important (3)

Security

Not important (1), important (2), very important (3)

Surveillance and Rescue

Not important (1), important (2), very important (3)

Parking

Not important (1), important (2), very important (3)

continued on following page
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Table 1. Continued

Demographic variables Description
Sanitary facilities Not important (1), important (2), very important (3)
CC perception

Consideration of CC as a Yes (1), No (0)

problem

Knowledge of the impacts of Yes (1), No (0)
CC on beaches

Type of impact: less sand Yes (1), No (0)
Type of impact: coastline Yes (1), No (0)
Type of impact: higher water Yes (1), No (0)
temperature

Type of impact: damages to Yes (1), No (0)

beach facilities

Maximum WTP Maximum amount of euros per visit

Source: Authors’ own.

Unlike revealed preference methods, which infer values from observed behavior,
CV methods allow researchers to capture values for goods or services not reflected in
market transactions, including future-oriented or hypothetical conservation measures.
This flexibility makes CV particularly suitable for assessing willingness to pay for
climate adaptation or biodiversity protection, where market analogues are absent.
However, CV methods also face notable limitations. Responses may be affected by
hypothetical bias, strategic behavior, or difficulties in respondents’ understanding
of complex environmental issues. Compared to experimental or choice modeling
approaches, CV provides less detailed information on trade-offs among attributes
and may yield less robust welfare estimates. Moreover, results are sensitive to survey
design, including question framing and payment vehicles, which can compromise
comparability across studies. Despite these challenges, CV remains one of the most
widely applied and policy-relevanttools for valuing non-market environmental goods.
Further, the selected double-bounded dichotomous choice model has shown to be
appropriate to assess respondents’ WTP in recent studies (Expoésito et al., 2021;
Nesha Dushani et al., 2023).

RESULTS

The descriptive statistics of the variables analyzed are presented in Table 1,
which reports the arithmetic mean, standard deviation, and minimum and maximum
values. Beginning with the demographic characteristics, the sample reveals a slight
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predominance of male respondents, representing 57.17% of the total, while females
account for 42.83%. In terms of age distribution, the mean value of 2.99 corresponds
primarily to individuals aged between 35 and 50 years. This finding suggests that
the sample is concentrated in middle adulthood, a stage often associated with higher
purchasing power and greater environmental awareness compared to younger age
groups. Nationality is relatively balanced, with 47.24% of participants identified
as Spanish nationals and 52.76% as foreign visitors. This distribution reflects the
international appeal of Fuengirola as a coastal tourist destination and offers a valuable
perspective on the views of both domestic and international beach users.

Regarding socioeconomic characteristics, income levels are concentrated around
the median value of 2.11, indicating that the majority of respondents fall within
the middle-income group. Educational attainment in the sample is comparatively
high, with an average value of 2.32. This shows that most respondents have at least
completed post-compulsory education, and a substantial proportion hold a university
degree or higher. The presence of a relatively well-educated sample is particularly
relevant for CV studies, as higher educational attainment is often associated with
greater environmental awareness and a stronger predisposition to support conser-
vation measures financially.

Patterns of beach use also provide important contextual information. Reported
daily expenditure on the beach averages 1.82, which corresponds to approximately
€5 per person per day. This relatively modest level of spending highlights that beach
recreation in Fuengirola is accessible to a wide variety of societal groups, but it
also underscores the limited economic margins available for additional financial
contributions. The average time spent on the beach per visit is 2.30 (approximately
three hours). This duration suggests that visitors treat the beach as a core element
of their recreational experience, but not necessarily as a full-day activity.

The analysis of perceptions regarding beach services shows clear patterns in
user priorities. Sanitary facilities are ranked as the most important feature, with an
average rating of 2.68. This is closely followed by lifeguard and security services
(2.67) and water cleanliness (2.61). These results indicate that visitors prioritize
health, safety, and hygiene (dimensions that directly influence the quality and
security of the recreational experience). By contrast, services such as sunbed and
umbrella rental (2.20), beach width (2.12), and parking availability (1.97) received
lower ratings. This suggests that while comfort and accessibility are relevant, they
are not decisive in shaping overall user satisfaction.

Perceptions of CC are strong among respondents. Nearly unanimous agreement
exists regarding the impacts of CC on the beach, with an average score of 0.98,
showing that respondents recognize the relevance of this global phenomenon for
coastal areas. Awareness of specific CC impacts is also relatively high (mean val-
ue 0.85), although the variability in responses points to uneven knowledge levels
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among users. The most frequently cited impact is the increase in water temperature,
identified by 40.4% of respondents. This is followed by reduced sand availability
(30%), shoreline retreat (22%), and damage to beach facilities (17%). Notably, more
than one-third of respondents (35.98%) reported not perceiving any visible changes,
which suggests the need for targeted awareness campaigns to increase recognition
of the ongoing and future risks of CC for coastal environments.

Finally, the analysis of respondents’ WTP for beach conservation and climate
adaptation measures reveals an average maximum contribution of €1.37 per visit.
Although this amount may seem modest, it acquires significant weight when mul-
tiplied by the volume of visitors to a tourist destination such as Fuengirola. Official
statistics show that the town of Fuengirola received more than 500,000 visitors in
2024 (Spanish National Institute of Statistics). Therefore, preliminary results un-
derscore the potential for mobilizing financial resources through user contributions,
provided that adequate mechanisms are put in place to align visitor willingness with
sustainable coastal management objectives.

Table 2. Descriptive statistics

Variables Mean Stal.ldé.ll‘d Minimum Maximum
value deviation value value
Demographic variables
Sex 0.4282 0.4953 0 1
Age 2.9933 1.0076 1 5
Nationality 0.4724 0.4997 0 1
Income 2.1125 0.5388 1 3
Educational level 2.3245 0.8191 1 4
Spending (per day) 1.8211 0.6458 1 3
Time at the beach (per day) 2.3024 0.6476 1 3
Perception of beach characteristics
Clean water 2.6114 0.4969 1 3
Sand cleaning 2.5209 0.5045 1 3
Beach access 2.4194 0.5880 1 3
Comfort 2.5452 0.5116 1 3
Beach width 2.1236 0.7087 1 3
Noise 2.3730 0.6059 1 3
Agglomeration 2.4083 0.5750 1 3
Restoration 2.3002 0.6189 1 3
Sunbeds and umbrellas 2.2008 0.6563 1 3

continued on following page
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Table 2. Continued

q Mean Standard Minimum Maximum

Variables ot
value deviation value value

Security 2.6688 0.4804 1 3
Surveillance and Rescue 2.6710 0.4796 1
Parking 1.9713 0.7326 1 3
Sanitary facilities 2.6754 0.4734 1 3
Perceptions of CC impacts
Consideration of CC as a problem 0.9823 0.1318 0 1
Knowledge of the impacts of CC on 0.8476 03597 0 1
beaches
Type of impact: less sand 0.3024 0.4598 0 1
Type of impact: coastline 0.2163 0.4122 0 1
Type of impact: increased water 0.4039 04912 0 1
temperature
Ty;')eT 9f impact: damages to beach 0.1655 0.3720 0 1
facilities
Maximum WTP 1.3704 1.4878 0 10

Source: Authors’ own.

Table 3 presents the correlations between selected socioeconomic and users’
perception variables, detailing the correlation coefficients and their corresponding
statistical significance values (p-values). Income exhibits a statistically significant
positive correlation with nationality (r = 0.25; p < 0.00), indicating that income
levels vary depending on the respondents' origin, with foreign participants reporting
higher income levels than Spanish nationals. However, no statistically significant
relationships are identified between income and other variables such as gender or
age. Educational attainment is positively and significantly correlated with nationality
(r=10.32; p < 0.00), suggesting that foreign respondents tend to have higher levels
of education than their Spanish counterparts. Furthermore, a positive correlation
is observed between educational level and income (r = 0.29; p < 0.00), as well as
with age (r = 0.10; p < 0.05).

These findings indicate that older individuals and those with higher incomes are
more likely to have attained higher levels of education. Daily expenditure exhibits
a strong positive correlation with nationality (r = 0.43; p < 0.00), confirming that
foreign tourists tend to spend more than national visitors. Additionally, significant
positive relationships are identified between expenditure patterns and both income
(r =0.26; p < 0.00) and educational level (r = 0.28; p < 0.00). These results rein-
force the fact that individuals with higher socioeconomic status tend to spend more
money on beach-related services and activities. The amount of daily time spent at
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the beach shows a significant negative correlation with gender (r = —0.12; p =
0.01), suggesting that men generally spend more time on the beach than women.
Moreover, significant positive correlations are identified with income (r = 0.16;
p < 0.00) and educational level (r = 0.18; p < 0.00), indicating that individuals
with higher education and income levels tend to spend more time at the beach. The
maximum WTP shows significant positive correlations with nationality (r = 0.21;
p < 0.00), income (r = 0.17; p < 0.00), and educational level (r = 0.17; p < 0.00).
These findings indicate that foreign visitors and individuals with higher income
and education levels are more willing to contribute financially to the conservation
of coastal areas. Furthermore, daily expenditure on the beach exhibits a significant
positive correlation with the maximum WTP (r = 0.31; p < 0.00), suggesting that
those visitors who spend more money during their beach visits are also more inclined
to support environmental conservation efforts.

Table 3. Correlation coefficients

Variables Sex | Age | Nationality | Income | Education | Expenditure Visit length
Income 0.01 | 0.07 0.25 1.00

p-value 0.84 | 0.16 0.00

Education -0.07 | 0.10 0.32 0.29 1.00

p-value 0.13 | 0.03 0.00 0.00

Expenditure -0.09 | 0.07 0.43 0.26 0.28 1.00

p-value 0.07 | 0.12 0.00 0.00 0.00

Visit length -0.12 | 0.04 0.15 0.16 0.18 0.20 1.00
p-value 0.01 | 0.39 0.00 0.00 0.00 0.00

Max WTP 0.05 | 0.00 0.21 0.17 0.17 0.31 0.02
p-value 032 | 0.92 0.00 0.00 0.00 0.00 0.71

Source: Authors’ own.

Our analysis reveals that socioeconomic and attitudinal variables significantly
influence respondents’ WTP and stated preferences. Table 4 synthesizes the average
maximum WTP by nationality, gender, age, income, educational level, environmental
concern, daily time spent at the beach, daily expenditure, and perceived CC impacts,
thereby allowing for a more nuanced interpretation of the data.

Nationality emerges as one of the strongest differentiating factors. Spanish
respondents report an average WTP of €1.07, while foreign visitors are willing to
pay €1.70 per visit. This €0.63 differential reflects both the temporary nature of
foreign tourists’ stay (likely perceived as a valuable and time-limited experience)
and their comparatively higher economic capacity. Moreover, international tourists
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may attach greater symbolic value to Mediterranean beaches as cultural and natural
attractions, which enhances their readiness to contribute to conservation. This result
aligns with prior studies suggesting that non-residents are often more willing to
contribute to the preservation of environmental amenities they perceive as unique
or scarce (Enriquez-Acevedo et al., 2018).

Gender differences are also evident. Women’s average WTP (€1.45) exceeds
that of men (€1.31). While the difference is modest, it is consistent with literature
indicating that women frequently display stronger pro-environmental attitudes and
greater concern for communal well-being, which translates into higher valuation
of conservation initiatives (Zelezny et al., 2000). This pattern suggests that com-
munication strategies aimed at fostering contributions might resonate particularly
well with female visitors, though men’s slightly lower WTP still demonstrates broad
support across genders.

The age distribution of WTP presents a non-linear pattern. The youngest group,
those under 20 years old, report the lowest contribution (€1.21), reflecting their
limited financial capacity. WTP increases among respondents aged 20-34 (€1.39)
and 35-50 (€1.35), corresponding to life stages associated with higher income and
consumption capacity. The highest value is found among individuals aged 51-65
(€1.46), who may combine financial stability with a heightened preference for
quality recreational services. Respondents above 65 years show a decline (€1.23),
though still higher than the youngest cohort, possibly reflecting fixed incomes and
more conservative spending behavior. This pattern suggests that middle-aged and
pre-retirement groups represent the segment most inclined to support conservation
financially, while youth and elderly populations might require alternative engage-
ment strategies.

Income also exerts a strong influence on the respondents’ WTP. High-income
visitor report an average contribution of €2.00, substantially above low- and middle-
income groups (€1.33 and €1.19, respectively). These results are consistent with
the general principle of income elasticity in environmental valuation: as disposable
income rises, so does the capacity and willingness to contribute to public goods
(Carson & Hanemann, 2005). Interestingly, middle-income respondents express
lower WTP than the low-income group, possibly reflecting higher expenditure
constraints and a greater need to prioritize essential spending.

Educational attainment further differentiates WTP levels. Respondents with sec-
ondary education or below report the lowest value (€1.03), while post-compulsory
secondary education slightly increases the estimate (€1.30). University degree
holders contribute marginally more (€1.39). The most striking difference is observed
among postgraduate respondents, whose average WTP (€2.49) is more than double
that of respondents with lower education. These differences underscore the role of
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education in shaping environmental awareness, pro-conservation attitudes, and the
perceived legitimacy of contributing financially to conservation initiatives.

The role of environmental concern is equally noteworthy. Participants who
describe themselves as “not concerned” about environmental issues contribute the
lowest average amount (€1.06). Those who are “worried” report a modest increase
(€1.19), while “very worried” respondents show the highest WTP (€1.64). These
significant differences highlight the close relationship between risk perception and
economic support for beach conservation measures, suggesting that awareness cam-
paigns can directly increase financial contributions by improving the understanding
of climate threats.

Visitor behavior, measured by daily time spent at the beach and daily expendi-
ture, also provides interesting insights. The duration of stay shows only a limited
effect: respondents staying less than one hour and those exceeding three hours
display similar WTP values (€1.42), slightly above the group staying between one
and three hours (€1.31). This indicates that frequency of use alone does not strongly
predict WTP, and the relationship may be shaped by heterogeneous user profiles.
By contrast, daily expenditure exhibits a clear and robust positive correlation. Vis-
itors spending less than €5 per day express the lowest WTP (€0.82), while those
spending between €5 and €10 increase their contribution (€1.46). The highest WTP
is reported by respondents spending more than €10 daily (€2.29), confirming that
willingness to contribute scales with overall recreational spending and perceived
quality of experience.

Finally, perception of CC impacts proves to be a critical determinant. Respon-
dents who had noticed changes to the beach environment report an average WTP of
€1.43, compared to €1.02 among those who had not. This demonstrates that personal
observation of environmental degradation strengthens the perceived urgency of con-
servation and enhances visitors’ readiness to contribute financially. The difference
is substantial enough to suggest that communication strategies highlighting visible
impacts, such as coastal erosion, sand loss, or water temperature increases, could
significantly boost support for beach conservation measures.

Taken together, these results underscore the importance of socio-demographic,
attitudinal, and behavioral factors in shaping visitors’ WTP. Nationality, education,
income, and environmental concern stand out as the strongest predictors, while daily
expenditure provides an additional behavioral indicator closely tied to economic
commitment. By contrast, time spent at the beach and age show weaker or more
complex associations. These findings provide valuable guidance for designing fi-
nancing mechanisms that are socially equitable, economically viable, and sensitive
to the diverse profiles of beach users.
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Table 4. Average WTP by respondents’ groups

Groups Average maximum WTP (Euro)
Nationality

National 1.07
Foreign 1.70
Sex

Male 1.31
Female 1.45
Age

<20 1.21
20-34 1.39
35-50 1.35
51-65 1.46
> 65 1.23
Income

Low 1.33
Middle 1.19
High 2.00

Educational level

Secondary education or below 1.03
Post-compulsory secondary education 1.30
University degree 1.39
Postgraduate 2.49

Environmental concern

Nothing 1.06
Worried 1.19
Very worried 1.64

Daily time at the beach

Less than 1 hour 1.42
Between 1 and 3 hours 1.31
More than 3 hours 1.42

Daily expenditure on the beach

Less than 5 euros 0.82
Between 5 and 10 euros 1.46
More than 10 euros 2.29

Changes noticed on the beach due to CC
continued on following page
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Table 4. Continued

Groups Average maximum WTP (Euro)
No 1.02
Yes 1.43

Source: Authors’ own.

Finally, our double-bounded dichotomous choice model provides an estimated
average WTP of €1.06, with an associated standard error of 0.55. This coefficient is
statistically significant at a significance level of 10% (p=0.06). The coefficient value
(1.06) indicates that, on average, respondents would be willing to pay an amount
close to this figure to finance measures related to the conservation of beaches and
their related ecosystems in a context of increasing negative impacts of CC. This
modest value represents a significant source of financial resources for the munici-
pality, as the number of visits to Fuengirola beaches is significant. Although there
are no official statistics on the number of visits (or users) to the local beaches, the
number of tourists visiting the municipality of Fuengirola amounted to 526,629 in
2024 (Spanish National Institute of Statistics).

POLICY IMPLICATIONS AND RECOMMENDATIONS

Coastal municipalities across the Mediterranean face increasing CC pressures,
such as sea-level rise, coastal erosion, biodiversity loss, and increasingly frequent
extreme weather events. Although the study focuses on the town of Fuengirola, its
implications extend well beyond this municipality. Its reliance on tourism revenues,
the heterogeneous mix of domestic and international visitors, and its acute exposure
to climate-related risks are shared by many Mediterranean and European coastal
towns. As such, the findings can serve as an important reference point for munici-
pal, regional, and supranational efforts to design effective and socially responsive
policies for beach management and climate resilience.

Our analysis provides a nuanced picture of visitor profiles, perceptions, and
attitudes towards financing conservation. Based on the findings, multiple policy
implications and recommendations can be extracted. Particularly, awareness on CC
impacts emerges as a significant factor that determine a positive WTP by beach users.
Nearly all respondents recognize CC as acritical problem for the conservation coastal
areas, yet the degree of observed impacts varies. Increases in water temperature are
the most commonly cited effect, followed by reductions in sand availability and
shoreline retreat. Notably, those who claim to have noticed environmental changes
on the beaches express a higher willingness to contribute, while those who report no
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visible changes declare lower WTP values. This pattern reveals the extent to which
direct perceptions of environmental degradation translate into greater readiness to
support adaptation and conservation financially. Additionally, the CV model offers
an average WTP of €1.06 per visit. While this figure may appear modest on an in-
dividual scale, its aggregate significance becomes evident when multiplied across
the millions of visitors who frequent Mediterranean coastal destinations annually.
Such evidence suggests that, although visitor contributions cannot replace public
investment, they can represent a complementary and reliable stream of revenue for
municipalities seeking to fund conservation and adaptation measures.

Policy Implications

The municipality of Fuengirola, located on Spain’s Costa del Sol, offers a
particularly illustrative case in which environmental vulnerability intersects with
the socio-economic significance of beach tourism. The results of this study carry
important implications for coastal policy design. First, the positive WTP values
confirm that user-based financing mechanisms are viable, particularly in tourist-
driven economies where even small contributions, if broadly collected, can generate
meaningful revenues. Options might include voluntary donation schemes, visitor
fees incorporated into tourism services, or earmarked levies on specific activities
such as parking or sunbed rentals. To succeed, however, such measures must be
accompanied by transparency and clear communication, ensuring that visitors can
see a direct link between their contributions and visible improvements in coastal
management (Booth et al., 2022).

The heterogeneity observed across demographic groups further suggests that
financing schemes should be carefully designed to reflect different user profiles.
Foreign tourists, who both perceive higher value and have greater disposable income,
are more willing to contribute than local residents. Similarly, individuals with high-
er education and income levels express greater readiness to support conservation
measures. This indicates the potential for differentiated mechanisms, such as modest
surcharges incorporated into tourist accommodation or premium services that chan-
nel part of their revenue directly into conservation funds. Such approaches would
prevent undue burden on residents and lower-income groups, while still harnessing
the financial potential of higher-spending visitors.

The close link between environmental awareness and WTP points to the impor-
tance of education and communication strategies. Visitors who recognize CC impacts
are significantly more willing to contribute, suggesting that municipalities should
invest in campaigns that make the risks and consequences of coastal degradation
visible. Information panels at beach entrances, digital campaigns, or participatory
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activities such as guided environmental walks could all reinforce the connection
between individual contributions and the broader sustainability of coastal ecosystems.

Finally, the integration of visitor contributions into broader adaptation planning
frameworks is essential. Municipal plans, such as Fuengirola’s “Local Action Plan
Urban Agenda 20307, already identify CC adaptation as a strategic objective, but
they often lack robust financing instruments. Incorporating user-based funding as
a complement to national and EU allocations would not only diversify financial
resources but also enhance the legitimacy of adaptation policies by demonstrating
that they are co-financed by the users who benefit from healthy beaches.

In designing these mechanisms, equity considerations must remain central.
Residents frequently express resistance to new charges when they perceive that
their taxes already cover beach management. To mitigate this, municipalities should
clearly communicate that visitor contributions are supplementary, not replacements,
for public financing. Moreover, exemptions or reduced rates could be considered
for local households or vulnerable groups, ensuring that adaptation measures do
not inadvertently generate social inequalities.

Recommendations for Coastal Municipalities

The evidence from this study highlights the opportunities and challenges for
municipalities in designing effective policies to mobilize visitor contributions for
climate adaptation and beach conservation. Further, these policies should balance
different aspects regarding economic viability, social equity, and environmental
effectiveness of alternative measures.

As a previous step, municipalities should prioritize improving communication,
transparency, and stakeholder trust. The findings show that willingness to pay is
higher among visitors who are aware of the CC impacts. This underscores the
importance of education and awareness campaigns. Local governments could in-
troduce information panels at beach access points explaining how CC is affecting
local coastlines and what specific conservation measures are underway. Transparent
accounting mechanisms should accompany any financing initiative, such that visi-
tors can clearly see how their contributions are used (e.g., through annual reports or
digital dashboards showing investments in sand nourishment, dune restoration, or
lifeguard infrastructure). Establishing this credibility is crucial for public acceptance
of new financing tools (Mycoo & Gobin, 2013; Griggs & Reguero, 2021).

Regarding alternative schemes for collecting visitor contributions, several models
could be considered. A voluntary “coastal stewardship contribution” could be added
to accommodation bills, similar to tourist eco-taxes already applied in parts of Spain
and Italy. Alternatively, municipalities might earmark a small portion of revenues
from existing beach services, such as parking fees, umbrella rentals, or concession
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licenses, to conservation funds. Additionally, these mechanisms should be designed
to reflect the socio-economic heterogeneity revealed in the results. Higher-spending
foreign tourists, for example, might contribute more through accommodation sur-
charges, while local residents could benefit from exemptions or reductions.

With the aim to enhance public acceptance and environmental effectiveness,
municipalities should embed these financing instruments within comprehensive
climate adaptation strategies (Cunha-e-S4 et al., 2025). Visitor contributions, while
important, cannot replace public investment; rather, they should complement pub-
lic funds, national climate adaptation programs, and private sector participation.
Over time, a dedicated coastal adaptation fund could be created, pooling resources
from multiple sources, including visitor contributions, public funds, and partner-
ships with local businesses. This would allow for larger-scale interventions, such
as the restoration of dune systems, construction of nature-based coastal defenses,
and investment in monitoring technologies. In the long term, visitor contributions
should be embedded within broader strategies for sustainable coastal governance.
Nature-based solutions, such as dune restoration, wetland conservation, and sea-
grass bed protection, offer cost-effective and ecologically sound alternatives to hard
infrastructure. Investments in predictive modeling and monitoring technologies can
improve municipalities’ ability to anticipate climate impacts and plan accordingly.

Another central lesson from the findings is that users’ WTP is not uniform across
societal groups. Designing equitable and effective financing schemes therefore re-
quires governance approaches that engage stakeholders at multiple levels (Onofrio et
al.,2025). Atthelocal level, municipal governments should involve residents, business
owners, and civil society organizations in the design of contribution mechanisms.
Participatory forums or stakeholder workshops could help identify acceptable forms
of contribution and build legitimacy around policy measures. Hotels, restaurants,
and beach concessionaires could play a critical role as intermediaries in collecting
small voluntary contributions from tourists. At the regional and national level,
coordination is necessary to avoid fragmentation. If each municipality designs its
own fee structure independently, visitors may perceive inconsistency or unfairness,
potentially undermining compliance. Regional frameworks, led by provincial au-
thorities or autonomous communities, could provide guidance and harmonization.
At the national scale, ministries of environment and tourism should integrate visitor
contributions into broader climate adaptation strategies, ensuring complementarity
with existing public financing instruments. At the European level, the alignment of
local initiatives with EU strategies is essential. The European Green Deal, the EU
Adaptation Strategy, and the EU Blue Economy strategy already prioritize coastal
resilience. Demonstrating that municipalities are leveraging visitor contributions
can help secure co-financing from EU funds, creating a virtuous circle of local
initiative and supranational support.
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Beyond financing, the study highlights the critical role of environmental aware-
ness. Respondents who had directly perceived CC impacts reported significantly
higher WTP. This finding suggests that municipalities must invest not only in in-
frastructure but also in communication and education. Public awareness campaigns
could emphasize the direct connection between contributions and tangible outcomes:
cleaner beaches, healthier ecosystems, and safer recreational spaces. Schools and
universities can be involved in citizen science projects, such as monitoring beach
erosion or water quality, linking younger generations to conservation goals. Dig-
ital communication strategies, including mobile apps or interactive maps, could
engage visitors in real time, showing how contributions are being used to improve
the coastal environment.

Other measures, such as the construction or reinforcement of defensive structures
(e.g., dikes, retaining walls and other physical infrastructures), provide physical
barriers against waves. Despite having a high financial cost, they help to prevent
damage and protect coastal areas from flooding and erosion. Furthermore, it is
advisable to invest in research and innovation initiatives aimed to better understand
coastal processes. The development of new technologies for climate adaptation and
mitigation can lead to more effective and sustainable solutions to the challenges
posed by CC on our coastal ecosystems. Along these lines, the improvement of
predictive models that can accurately estimate the evolution of coastlines and the
CC impacts would be very useful, thus allowing for more effective planning and
implementation of appropriate adaptation measures (Vitousek et al., 2017).

CONCLUSION

Coastal municipalities must address the dual challenge of safeguarding eco-
systems and sustaining tourism-based economies under accelerating CC and its
related extreme weather events. Evidence from CV studies offers a powerful tool
for designing funding mechanisms that combine public investment, visitor contri-
butions, and private sector participation. The path forward requires not only finan-
cial innovation but also participatory governance, multi-level coordination, and a
long-term vision balancing sustainability and equity principles. The integration of
visitor contributions into climate adaptation strategies can help secure the resilience
of coastal zones, ensuring that beaches remain valuable economic and ecological
assets for future generations.

The results of this study provide strong evidence that visitors to Mediterranean
beaches are willing to contribute financially to conservation measures, although this
might be shaped by socio-economic and attitudinal factors. For coastal municipal-
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ities, like Fuengirola, the policy challenge lies in translating this willingness into
concrete financing mechanisms that are transparent, equitable, and socially accepted.

Results have shown that socioeconomic, demographic, and attitudinal factors
influence visitors’ WTP, highlighting the relevance of understanding user preferences
in formulating public policies and coastal management strategies. Higher income,
environmental concerns, and frequent beach visitors exhibited greater WTP estimates
for conservation measures. Foreign tourists have been identified by their higher
WTP, compared to national visitors. Similarly, women have demonstrated slightly
higher WTP estimates than men. Higher-income and higher-educated respondents
exhibited greater WTP estimates. Finally, those respondents who expressed strong
concern for CC and its impacts on coastal areas were more inclined to contribute
financially with a significantly higher WTP. These findings highlight the importance
of tailoring coastal management policies to different demographic groups, ensuring
equitable contributions to conservation efforts.

From a policy perspective, this study underlines the need to involve society
in decision-making related to coastal management, ensuring that the measures
implemented are perceived as beneficial and aligned with their social values and
priorities. Likewise, the integration of environmental education and awareness
programs could be a key tool to increase awareness of the importance of CC ad-
aptation and conservation measures to protect beaches and coastal ecosystems, as
well as to mitigate possible resistance to financing by specific population sectors. In
addition, the positive visitors’ WTP for the implementation of beach conservation
measures in the face of the negative impacts of CC opens up new forms of financ-
ing for local entities, which would result in more financial resources to improve
the climate resilience of beaches, their facilities and their associated ecosystems.
In a context marked by the increasing frequency and intensity of extreme weather
events, the design of sustainable and economically viable policies for protecting
beaches is crucial. Ultimately, the results of this study constitute a solid basis for
future research and policy development that combines environmental sustainability,
social participation, and economic equity.

The conservation measures implemented by the Fuengirola municipality rep-
resent a significant effort to protect and improve beaches and coastal ecosystems
in the face of the challenges posed by the impacts of CC. However, these must, in
turn, be accompanied by more extensive and forward-looking actions that allow
us to anticipate CC scenarios and, at the same time, ensure more sustainable and
efficient coastal management. Additionally, coastal conservation actions should be
designed and implemented in collaboration with societal stakeholders (e.g., civil
representatives, environmental organisations, tourism sector) with the aim to ensure
sustainable and equitable solutions. Further, visitor monetary contributions should
not be considered an unique instrument to finance conservation measures, but as

182



Mochamad Maoc

1klas (mochamadmochklas@ Downloaded: 12/15/2025 10:59:37 BN
1G] Global Scientific Publishing Platform P Addrass

a complement to public funds, national climate adaptation programs, and private
sector participation.

Finally, it is worth noting that the case study analised in this chapter provides
evidence of the necessity of innovative financing mechanisms for coastal conserva-
tion. The estimated WTP of beach users offers valuable insights for policymakers
to design climate adaptation strategies and financing mechanisms that facilitate the
involvement of society in the protection of coastal resources. Further, the imple-
mentation of public participation schemes and environmental education programs
can enhance awareness and financial support for coastal protection measures. Given
the increasing frequency of extreme weather events and their negative impacts on
coastal areas, future research should explore how alternative funding instruments
might include visitors contributions in a sustainable and equitable way to ensure
the long-term sustainability of the coastal tourism industry.
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KEY TERMS AND DEFINITIONS

Climate Change (CC): Long-term alterations in global or regional climate pat-
terns, largely driven by human activities such as greenhouse gas emissions, resulting
in shifts in temperature, precipitation, and the frequency of extreme weather events.

Beach Conservation: The management and protection of coastal areas and
ecosystems to maintain their ecological integrity, recreational value, and resilience
against natural and human-induced pressures.

Willingness to Pay (WTP): The maximum monetary amount an individual
is prepared to contribute for a good, service, or policy, often used to measure the
perceived value of non-market environmental resources.

Contingent Valuation (CV): A survey-based economic method that estimates
the value individuals assign to non-market goods or services by eliciting their stated
willingness to pay under hypothetical scenarios.

Financing Instruments: Mechanisms, tools, or strategies (such as taxes, fees,
subsidies, or public—private partnerships) used to mobilize financial resources for
the implementation of policies, projects, or conservation measures.
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ABSTRACT

This study analyzes future water stress trends in Turkey and identifies the key so-
cioeconomic and environmental drivers shaping this trajectory. Using data from
1992-2022, amultivariate polynomial regression model was developed with sectoral
water use indicators, population, economic growth, CO, emissions, and drought
measures. The model effectively captures nonlinear dynamics and explains most
of the variation in water stress. Results show that population growth, agricultural
withdrawals, rising GDP, and CO, emissions intensify water stress, while water use
efficiency indicators exert a mitigating influence. Projections suggest that Turkey’s
water stress will continue to rise through 2050, potentially reaching critical levels
under current trends. The study underscores three policy priorities: improving
agricultural efficiency, reducing urban water losses and expanding reuse, and
transforming water-intensive industrial processes. A holistic water management
framework is essential for strengthening Turkey’s resilience to escalating water stress.
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INTRODUCTION

Increasing global water demand has become one of the most significant envi-
ronmental problems threatening water security by placing increasing pressure on
limited freshwater resources. Population growth, urbanization, economic growth,
and changing consumption patterns are straining the regenerative capacity of fresh-
water resources; in addition, climate change, through irregular precipitation patterns,
rising temperatures, and increased evapotranspiration, is making the water cycle
more vulnerable. These multidimensional pressures demonstrate that water stress
is not merely a physical water scarcity but also a complex phenomenon shaped by
socioeconomic processes, technological capacity, and environmental governance.
The literature indicates that water demand has more than doubled, particularly in
the post-1960 period, driven by irrigation, and that many regions are approaching
critical thresholds (Wada et al., 2011). In regions vulnerable to climate change, such
as the Mediterranean basin and the Middle East, decreased precipitation, increased
temperatures, and increased evaporation rates are creating critical areas where water
stress is spatially concentrated (Chenoweth et al., 2011).

Tiirkiye is one of the countries where these global trends are clearly observed
due to climate vulnerability, demographic pressure, and increasing sectoral water
demand. Long-term hydrological records reveal significant irregularities in both
seasonal and spatial rainfall distribution in Tiirkiye, and a notable increase in the
frequency of drought events since 1980 (Yetik et al., 2023). The expansion of ag-
ricultural irrigation, increased industrial production, and rapid urbanization in the
country are accelerating the rise in water demand, pushing the water budget to an
unsustainable structure, especially in closed and semi-closed basins (Colak et al.,
2022). Studies showing thatincreasing evapotranspiration in the Mediterranean region
exacerbates the vulnerability of water supply also confirm that Tiirkiye is shifting
towards a more climatically stressed regime (Unnisa et al., 2023). In this context,
the historical trend of increasing water stress in Tiirkiye emerges as a structural
problem encompassing both climatic and socio-economic pressures.

As part of the Sustainable Development Goals, countries need to increase water
use efficiency, reduce sectoral water stress, and strengthen ecosystem-based water
management approaches. However, the literature shows that water stress is affected
not only by current demand levels but also by multidimensional determinants such
as sectoral water use, economic growth, CO2 emissions, population growth, indus-
trial activity, and drought indicators (Vanham et al., 2018). Therefore, forecasting
water stress for the future is crucial for policymakers to develop sectoral planning,
water allocation, infrastructure investments, and climate adaptation strategies. In
this context, the need for advanced methods that allow for the representation of
nonlinear relationships in water stress prediction models is gaining importance.
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Polynomial regression models are widely used in the literature due to their success
in capturing long-term trends in environmental time series (De Luna, 1998; West &
Harrison, 1989). Machine learning-based approaches have been found to be partic-
ularly effective in capturing sudden changes in water demand and multidimensional
relationship networks (Brentan, Meirelles, et al., 2017). These methodological
advances allow water stress predictions to become more precise and more directly
integrated into policymaking.

This study develops a multivariate polynomial regression model that generates
water stress projections for 2023-2050 for Tiirkiye using socioeconomic, environ-
mental, and sectoral indicators for the period 1992-2022. The model holistically
addresses the structural determinants of water stress with a broad set of variables
consisting of various indices. Thus, the study analyzes the multidimensional nature
of water stress, shaped not only by physical supply but also by economic structure,
climatic pressures, sectoral demand, and productivity indicators. In this context, the
primary objective of the study is to predict with high accuracy the level of water
stress that Tiirkiye will face in the future and to analytically reveal the determinants
shaping these trends. In this context, the study seeks to answer the following research
question: “How will water stress trends evolve in Tiirkiye until 2050, and what are
the main socioeconomic, environmental, and sectoral factors determining this trend?”
In this context, the study not only presents a new application to the scientific liter-
ature regarding the modeling of the multivariate structure of water stress but also
produces insights that can guide Tiirkiye’s sustainable water management policies.

LITERATURE REVIEW AND CONCEPTUAL BACKGROUND
Global and National Trends in Water Stress

Global water stress, resulting from the imbalance between increasing demand
and limited renewable freshwater supply, has become an increasingly significant
environmental and development problem. In global water balance studies, models that
compare water demand and water availability at the river basin level on a monthly
basis reveal that the proportion of people experiencing water scarcity is at least 40%
higher than in traditional annual approaches (Wada et al., 2011). Similarly, analyses
using the “blue water scarcity” indicator indicate that approximately two-thirds of
the world’s population experiences severe water scarcity for at least one month of
the year, and approximately half a billion people experience persistent water scarcity
throughout the year (Mekonnen and Hoekstra, 2016). These findings demonstrate
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that indicators that consider the geographical and temporal dimensions of water
stress play a central role in sustainable water management discussions.

The global water scarcity literature conceptualizes water stress not only in
terms of total abstraction but also in terms of environmental flow requirements,
groundwater depletion, and water quality degradation. Hoekstra et al. (2012), in
their approach comparing monthly bluewater footprints with bluewater availability,
show that water scarcity is deepening, particularly in semiarid regions, due to the
combination of agricultural irrigation expansion and climate change. The global
water balance model developed by Wada, Van Beek, and Bierkens (2011) is anoth-
er important reference point that allows quantitative monitoring of seasonal and
regional variability in water stress.

In the context of Tiirkiye, a growing number of studies in recent years have
documented both changes in precipitation patterns and regional drought trends in
detail. Multi-method statistical analyses covering the period 1980-2019 indicate
that precipitation across Tiirkiye exhibits significant spatial and temporal irregu-
larities, with drought risk increasing particularly in summer (Aksu, 2021; Hinis
and Geyikli, 2023; Sen et al., 2012). Studies using climatic drought indices such as
SPEI reveal that drought intensity has gradually increased from western and central
Anatolia to the southeast, and that several drought “hot spots” have emerged across
the country (Sorman et al., 2018; Dalkilic, 2020, Pekpostalci et al., 2023). Meteo-
rological, hydrological, and groundwater analyses conducted on the Konya Closed
Basin indicate that groundwater drought has become particularly prevalent in the
post-2008 period, and that withdrawals from agricultural irrigation have pushed the
basin’s water balance to an unsustainable level (Hinis and Geyikli, 2023; Dalkilic,
2020). Similar findings are observed in other closed or semi-closed basins, such
as the semi-arid Burdur Basin, where increased irrigation water withdrawals are
accompanied by shrinking lake areas, salinity, and ecosystem degradation (Colak
et al., 2022). This literature demonstrates that Tiirkiye’s water security debate is
based not only on total water potential but also on drought dynamics, groundwater
management, and sectoral abstraction pressures at the basin scale; therefore, future
water stress projections must take this multidimensional structure into account.

Sectoral Water Use Indicators and SDG Framework

Indicators used to assess water stress and water management performance have
been redefined in recent years by the United Nations Sustainable Development
Goals (SDG) framework. Two key global indicators stand out within SDG 6.4:
6.4.1, which measures water use efficiency, and 6.4.2, which measures the level of
water stress (Biancalani and Marinelli, 2021; Giupponi et al., 2021). Developed by
FAO and UN-Water, these indicators disaggregate water use by sector (agriculture,

192



Mochamad Maoc

1klas (mochamadmochklas@ Downloadad: 12/15/2025 10°59:37 BN
1G] Global Scientific Publishing Platform P Addrass

industry, services/municipality) and enable cross-country comparisons in terms of
both water use per economic output and total pressure on renewable water resources
(Vanham et al., 2018).

Water Use Efficiency (WUE) indicators measure the economic value created
per unit of water, allowing for monitoring changes in the water intensity of growth.
In their study evaluating SDG 6.4.1 and 6.4.2, Vanham et al. (2018) emphasize that
obtaining WUE indicators, particularly across agriculture, industry, and services,
is critical for linking water use to the “economic structure” (Giupponi et al., 2021;
Cole et al., 2018). In the agricultural sector, due to the dominant share of blue wa-
ter consumption by irrigated agriculture, indicators of irrigation water efficiency
stand out as one of the most significant determinants of physical water scarcity.
Mekonnen and Hoekstra (2016) show that agriculture accounts for approximately
70% of both water withdrawals and 90% of consumption globally, demonstrating
that agricultural water withdrawals are central to water stress indicators, particularly
in semiarid regions.

Industrial water use efficiency, on the other hand, reflects the capacity to create
greater economic value by using less water in water-intensive processes such as
manufacturing and energy production. Studies examining China, Europe, and large
urban basins indicate that industry has become the most significant contributor to
water stress in some regions, excluding agriculture, and that industrial water use
exacerbates water scarcity in terms of both quantity and quality (pollution) (Becker
etal., 2019; Liu et al., 2019; Zhang et al., 2024). WUE indicators calculated for the
service/municipal sector are closely related to network loss/leakage rates, recycling
capacity, and infrastructure investments in rapidly urbanizing regions. In cases
where urban populations increase but service sector WUE remains low, water sup-
ply security becomes vulnerable (Mbavarira and Grimm, 2021; Chen et al., 2024).

The water stress indicator (SDG 6.4.2) defines total water withdrawal as the ratio
of renewable freshwater resources remaining after deducting environmental flow
requirements. In their study evaluating indicator 6.4.2, Vanham et al. (2018) argue
that considering environmental flows and including additional components such as
groundwater depletion and water quality are necessary for the indicator to be more
meaningfully used in policymaking. Similarly, Marinelli et al. (2025) developed a
new methodology for calculating indicator 6.4.2 at basin subregions and seasonal
scales, highlighting the problem of “double counting” in water allocation, partic-
ularly between upstream and downstream subbasins. Studies specific to Tiirkiye
indicate that indicators within the SDG 6.4 framework should be interpreted in
conjunction with agricultural water withdrawals and agricultural WUE, particularly
in closed basins. A recent study assessing agricultural water use efficiency in the
Konya Closed Basin demonstrates that despite increasing agricultural productivity,
there is significant potential for improvement in water use efficiency, and that the
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relationship between irrigation methods and water quality is a determining factor
in water management. This framework reveals the analytical importance of using
agricultural gravity, sectoral WUE and 6.4.2 water stress indicator together for
studies discussing Tiirkiye’s water future.

Economic and Climatic Drivers of Water Stress

The level and spatial distribution of water stress are determined not only by
physical water availability but also by the combination of economic growth, struc-
tural transformations, urbanization dynamics, and climatic pressures. Global studies
show that per capita GDP growth, industrial and service sector growth, and rising
urbanization rates systematically increase water demand, particularly in developing
countries (Wang et al., 2018; Zhao et al., 2021). Integrated water-energy security
analyses in China reveal that rapid urbanization and industrial production create a
strong coordination between water withdrawal and energy-related CO2 emissions,
and that water scarcity is intertwined with energy security.

CO2 emissions and other greenhouse gas-driven climate change processes affect
the water cycle, creating persistent changes in precipitation patterns, evaporation,
and soil moisture, increasing the risks of both meteorological and hydrological
droughts (Sen et al., 2012; Pekpostalci et al., 2023). The SPEI indicator, developed
by Vicente-Serrano and colleagues, enables multi-scale monitoring of drought
conditions based on the balance of precipitation and potential evaporation and is
used in many studies analyzing the impact of climate change on drought dynamics.
Studies conducted with SPEI and similar indices for Tiirkiye show that drought in-
tensity has increased significantly in recent decades, especially in Central Anatolia,
Southeastern Anatolia and Eastern Anatolia, and these regions have become “hot
spots” in water stress (Pekpostalci et al., 2023).

Expanding irrigation areas for agricultural production, combined with economic
growth and agricultural policies, further increase pressure on water resources, partic-
ularly groundwater. For example, in the semi-arid Burdur Basin, increased irrigation
water withdrawals and climate change after 2004 have led to serious deteriorations
in lake morphometry, salinity, and biotic communities (Colak et al., 2022). In the
Konya Closed Basin, increased well drilling and agricultural withdrawals have led
to significant declines in groundwater levels and deepening hydrological drought,
creating significant vulnerabilities for both water security and regional development.

A combined assessment of economic growth, CO2 emissions, urbanization, and
drought indicators reveals that water security is determined not only by the amount
of physical resources but also by socioeconomic structure and environmental gov-
ernance capacity. Therefore, the combined use of macro indicators such as GDP,
population, emissions, and drought indices in water stress models allows for the
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conceptualization of water as a political-economic issue, moving beyond a “natural
scarcity” issue.

Forecasting Approaches in Water
Demand and Stress Modelling

The water demand modeling literature offers a wide range of methods, ranging
from simple polynomial regressions to advanced machine learning algorithms and
hybrid models, for analyzing water use datasets with pronounced nonlinear relation-
ships. While early studies largely relied on parametric approaches such as polynomial
regression, various empirical analyses have demonstrated that these methods are
limited in capturing the complex interactions of seasonality, sudden consumption
spikes, and meteorological variables (Stariczyk et al., 2022). Therefore, the litera-
ture has shifted toward machine learning algorithms with more flexible functional
structures, particularly for short-term and high-frequency water demand forecasting.

Random Forest (RF) has been found to be successful in identifying the most crit-
ical variables affecting water demand at the urban scale, demonstrating the decisive
role of temperature, relative humidity, weekday/weekend effects, and time-of-day
indicators on demand dynamics (Brentan et al., 2017). The advantage of RF is its
ability to produce stable results, especially in short-term demand forecasts, due to
its ability to model nonlinear relationships and high-order interactions between
variables without parameter constraints. Studies comparing techniques such as RF,
SVR, and Artificial Neural Networks have reported that RF provides high accuracy
with complex data structures, while SVR achieves lower error rates in predicting
demand peaks (Stariiczyk et al., 2022).

Support vector regression (SVR) performs particularly well on short-term con-
sumption series where the seasonal component is dominant. In some applications,
SVR has been combined with Fourier series to create hybrid structures, and this
integration has enabled more successful representation of periodic patterns in con-
sumption (Brentan, Luvizotto Jr., et al., 2017). The literature also emphasizes that
variable selection techniques using PCA, SOM, or RF-based importance measures
make significant contributions toidentifying the mostinformative indicators affecting
demand and improving model performance (Brentan et al., 2017).

In recent years, the forecasting literature has shifted towards quantile regression
and probabilistic forecasting approaches, which are more capable of modeling
uncertainties in water demand. Studies on daily consumption data indicate that
quantile regression algorithms exhibit superior performance, particularly in cap-
turing uncertainty in extreme values (Papacharalampous & Langousis, 2022). In
addition, combining denoising and subcomponent decomposition methods such
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as CEEMDAN used in data preprocessing with SVR, ANN, and GRU models has
significantly increased short-term demand forecast accuracy (Hu et al., 2021).
Deep learning-based models are one of the fastest-growing areas in the water
demand literature. Due to their ability to capture time-dependent consumption
patterns, GRU and LSTM models produce lower error rates compared to classical
methods in predicting hydrometeorological processes such as water demand and
water quality. Li & Fu (2024) showed that LSTM and GRU models demonstrate
superior performance in capturing nonlinear dependencies in consumption series
and offer strong generalization capacity, especially for series with high volatility.
In general, the literature suggests that the success of water demand forecasting
models depends on three key elements: (i) appropriately integrating meteorological
indicators (temperature, humidity, precipitation), social time indicators (day/time
effect), and past consumption into the model; (ii) using flexible methods that can
capture nonlinear relationships; and (iii) accurately representing seasonality, sudden
changes, and demand peaks. While polynomial regression still holds true in certain
situations, it is clear that machine learning and deep learning-based hybrid models
are increasingly becoming the dominant method set for water demand forecasting.

METHODOLOGY

This study aims to estimate Tiirkiye’s water stress level by 2050. Thus, it aims
to develop an empirical forecasting tool that can contribute to Tiirkiye’s sustainable
water management policies. In this context, a time-series-based forecasting model
was created by combining environmental, socioeconomic, and sectoral indicators
from past periods. This approach enables not only the analysis of historical trends
but also the identification of potential future water stress scenarios (De Luna, 1998).
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Figure 1. Data Analysis Process
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The dataset used in the analysis covers the period 1992-2022 and was compiled
from three international sources. The first of these sources is the FAO Aquastat
database, the primary reference for water use efficiency and water stress indicators.
In this context, “Agricultural water withdrawal as a percentage of total renewable
water resources (%)” indicators, SDG 6.4.1 indicators, and SDG 6.4.2 indicators
were included in the model. Secondly, Tiirkiye’s GDP (USS$), CO, emissions (kt),
and population data were obtained from the World Bank database. Thirdly, the SPEI
Global Drought Monitor was used to obtain annual average Standard Precipitation-
Evaporation Index (SPEI) values for Tiirkiye. This variable represents the impact
of climatic drought conditions on water resources (George et al., 2016)

Data from different sources were matched on a yearly basis, and missing ob-
servations were removed to ensure continuity between 1992 and 2022. Since the
measurement units of the variables are different, the min—-max normalization method
was applied to ensure statistical comparability (Chen et al., 2019). The model used
in the study is based on the multivariate polynomial regression approach, which can
capture non-linear relationships based on the assumption that water stress rates may
not follow a linear trend. Polynomial models are widely used in short- and medium-
term forecasting because they can flexibly explain trend components in time series
(West & Harrison, 1989). Polynomial-based approaches provide more successful
results than linear models in predicting long-term trends (De Luna, 1998; West &
Harrison, 1989). In addition, to increase the predictive power of polynomial-based
models, hybrid models using random forest and polynomial features have been
shown to perform superiorly in air pollution predictions (Goyal & Goyal, 2024).
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Polynomial regression models the nonlinear interactions between the dependent
variable “Water Stress (%)” and time, economic indicators, environmental variables
and sectoral water use indicators.

Table 1. Performance indicators of the polynomial regression model

variable std min max variance
ii(r)i:rlil;:r(avlq;vater withdrawal as % of total renewable water 492 10.82 26.52 2401
Industrial Water Use Efficiency (US$/m3) 77.53 23.06 260.73 6011.45
Irrigated Agriculture Water Use Efficiency (US$/m3) 0.08 0.14 0.40 0.01
Services Water Use Efficiency (US$/m3) 21.23 27.30 91.60 450.84
Water Use Efficiency (US$/m3) 247 7.72 17.79 6.13
Agricultural Sector Contribution to Water Stress (%) 7.89 17.01 43.38 62.30
Industrial Sector Contribution to Water Stress (%) 0.63 0.76 3.19 0.40
Municipal Sector Contribution to Water Stress (%) 0.69 3.10 5.69 0.47
Water Stress (%) 7.66 23.47 47.89 58.66
Annual SPEI Average (drought) 0.82 -2.10 1.05 0.67
GDP (Current US$) 3477.43 2240.63 12507.80 12092501.82
CO2 emissions (kt) 88710.70 139197.90 418098.20 7869587912.02
Population (total) 9071856.95 56302037.00 85341241.00 82298588605853.50

The model is expressed in general form as follows:

The model developed not only considers time-dependent trends but also the
indirect effects of factors such as economic growth, population growth, industrial
development, and climate variability on water stress. Similar methods have been
successfully applied to predict environmental variables such as water demand and
precipitation (Chen et al., 2019; George et al., 2016).

In this study, the model was trained using observations from the 1992-2022
period using a multivariate structure combining polynomial feature transformation
(degree = 2) and Ridge regression. The forecast model was created using Ridge
regularization. This method improves forecasting performance by reducing potential
model instabilities such as multicollinearity and high dimensionality. The model
then generated water stress projections for the 2023-2050 period, thus assessing
potential water stress scenarios that Tiirkiye may face in the future.

Three key statistical metrics were used to evaluate the model’s performance. The
coefficient of determination (R?) indicates how much of the variance in the depen-
dent variable the model explains. The root mean square error (RMSE) measures the
average deviation between the predicted and observed values (Chicco et al., 2021).
Additionally, the variance inflation factor (VIF) values were examined to test the
risk of multicollinearity among the independent variables. Model assumptions,
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such as normality of the error terms, homoscedasticity, and autocorrelation, were
also tested using both graphical and statistical tests.

The validity of the model assumptions was measured using graphical and sta-
tistical tests. Analyses were conducted in the Python software environment. Pandas
was used for data processing, Numpy for polynomial functions, Scikit-learn for
model validation and error metrics, Matplotlib and Seaborn for visualization, and
OpenPyXL for results export. The coding process was structured in accordance
with the principle of repeatability.

Since the data were presented at an annual frequency, seasonal effects were
not included in the model. Furthermore, the model is deterministic and based on
current trends; therefore, potential changes in climate policies, new water manage-
ment reforms, or unexpected environmental shocks were not directly reflected in
the projections.

ANALYSIS AND RESULTS

This study presents the results of a multivariate polynomial regression model
developed based on environmental, socioeconomic, and sectoral indicators for Ttiir-
kiye for the period 1992-2022. In the first stage, annual data compiled from FAO
Aquastat, the World Bank, and the SPEI Global Drought Monitor were matched,
missing observations were removed, and min—max normalization was applied. In the
second stage, descriptive statistics of the variables showed that water use efficiency,
sectoral contribution to water stress, and macroenvironmental indicators had wide
variance and trend ranges, methodologically supporting the preference of polynomial
models that can capture nonlinear relationships (De Luna, 1998; West & Harrison,
1989). Third, the model was trained with polynomial feature transformation (degree
= 2) and Ridge regularization to represent both trends and interactions among vari-
ables; this approach is a technique recommended in the literature for reducing the
risk of multicollinearity (Chicco et al., 2021). In the final stage, model training and
testing performance was evaluated, the total effects of the independent variables were
calculated, and water stress projections were generated for the period 2023-2050.
The results obtained throughout the analysis process are presented below.

Table 2. Predicted Water Stress Model Performance

Metric Training set Test set
R? 0.9983 0.9835
RMSE 0.3004 0.7798
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Model performance was evaluated using three key metrics: R2, RMSE, and ridge
regularization effect. Indicators for the training and test sets are presented in Table
3 below. High R? values indicate that the model explains more than 98% of the
variance of the water stress variable. This level of performance is consistent with
studies in the literature reporting successful representation of environmental time
series with polynomial models (De Luna, 1998; George et al., 2016). The low RMSE
on the test set indicates that the model avoids overfitting and has high generaliza-
tion capacity. This is consistent with findings that ridge regularization successfully
limits multicollinearity (Chicco et al., 2021). The low difference between training
and test performance indicates that a model appropriate to the structure of the data
set was established.

Table 3. Forecast Water Stress Model Performance

Metric Value
R’ 0.964
RMSE 1.430

The values in Table 3 indicate that the multivariate polynomial model captures
long-term trends with high accuracy. R? = 0.964 is similar to the performance lev-
els of previous complex nonlinear models for water demand forecasting (Brentan,
Meirelles, et al., 2017; Papacharalampous & Langousis, 2022)). The RMSE of
1.43 indicates that the variance in annual water stress is low and the projections are
sufficiently reliable for policy analysis.
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Figure 2. Forecasted Water Stress
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Graph 1 shows that the model largely accurately captured the observed water
stress during the 1992-2022 period. The near correspondence between the observed
values and the model predictions supports the strengths of the polynomial regression
approach used in the study in representing nonlinear behavior in time series. This
is consistent with the findings of West, West & Harrison (1989) who noted that
polynomial models provide flexibility in explaining long-term trend components. It
is also consistent with the findings of De Luna (1998), who demonstrated that poly-
nomial structures offer more comprehensive interpretation possibilities in long-term
forecasts compared to linear models. This robust capture of historical trends by the
model demonstrates the advantages of polynomial-based approaches when working
with high-variance variable sets in environmental time series. In the resulting data
set, water withdrawal, economic indicators, CO2 emissions, and the drought index
are observed to vary over wide ranges. The model’s consistent representation of
this multidimensional structure concretely confirms the suitability of this approach.
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Figure 3. 2022-2050 Forecast water stress (%)
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Graph 2 also clearly reveals the historical increasing trend in water stress in Tiir-
kiye, and this result is parallel to studies in the literature showing that Tiirkiye has an
increasingly fragile water security structure under both climatic and socio-economic
pressures. Indeed, Yetik et al. (2023) reveal that the frequency of drought events has
increased and significant irregularities have occurred in precipitation regimes in the
period after 1980. This finding is one of the main hydrometeorological mechanisms
explaining the upward trend observed in the graph. Similarly, Colak et al. (2022)
indicate that the expansion of agricultural irrigation and the increase in industrial
production in Tiirkiye have accelerated water demand, and these results support the
acceleration observed in the period after 2000. Wada et al. (2011), who show that
the increase in freshwater demand on a global scale drives the increase in water
stress, and who emphasize that climate change has deepened water scarcity in the
Mediterranean basin. Studies such as Chenoweth et al. (2011) also suggest that an
upward trend in water stress is expected given Tiirkiye’s geographical location. The
2023-2050 projection, starting at approximately 46% and rising steadily towards
2050, indicates that the potential water stress Tiirkiye will face in the future will
intensify if current trends continue. This finding is consistent with the findings of
Unnisa et al. (2023) who demonstrated that evapotranspiration in the Mediterranean
basin has increased, making water supply more variable and fragile, and Vanham et
al. (2018, 2021)), who reported that agricultural withdrawals significantly increase
water stress in regions where environmental flow requirements cannot be met. Fur-
thermore, the study by George et al. (2016) supports the notion that the declining
SPEI over the years exacerbates drought conditions and increases uncertainty in the
hydrological cycle. This suggests that the increase in water stress is also amplified
by climate-based components.
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Table 4. Variable Effects on Water Stress after Polynomial Transformation

Variable Aggregated effect | Absolute magnitude | Effect
Population (total) 0.00000000849 0.00000002150 +)
Agricultural Sector Contribution to Water Stress (%) 0.00000000502 0.00000000502 (+)
GDP (current US$) 0.00000000450 0.00000000454 +)
CO, emissions (kt) 0.00000000431 0.00000000452 ++)
Agricultural water withdrawal (% TRWR) 0.00000000342 0.00000000342 +)
Annual SPEI (drought index) 0.00000000323 0.00000000323 ++)
SDG 6.4.1 Water Use Efficiency (US$/m?) —0.00000000319 0.00000000319 -)
Industrial Sector Contribution (%) 0.00000000287 0.00000000287 +)
Services Water Use Efficiency (US$/m?) —-0.00000000229 0.00000000229 (-)
Municipal Sector Contribution (%) —0.00000000080 0.00000000080 (-)
Irrigated Agriculture WUE (US$/m?) —0.000000000207 0.000000000207 -)
Industrial WUE (US$/m?) 0.000000000169 0.000000000170 )

Table 4 shows the total effects of the variables in the model after polynomial
transformation, and the signs indicate the direction of their contribution to water
stress. The findings reveal that the population variable has the highest positive effect
on water stress. Vanham et al. (2018) stated that population growth increases water
stress by increasing both urbanization and municipal water demand. Similarly, Che-
noweth et al. (2011) showed that population pressure structurally increases water
demand, especially in the Mediterranean basin countries. Consistent with these
findings, Table 4 shows that Tiirkiye’s demographic growth is driving the water
supply-demand balance into an increasingly fragile state. Consistent with this, the
agricultural sector’s contribution to water stress also emerges as a strong and pos-
itive determinant. Vanham et al. (2021) stated that agricultural water withdrawals
systematically increase water stress in regions where environmental flow require-
ments cannot be met. UNESCO emphasized the dominant role of agricultural water
withdrawals, showing that approximately 90% of total global consumption originates
from agriculture. Indeed, the positive effect observed for this variable indicates the
decisive role of the agricultural sector in Tiirkiye on water stress.

GDP, representing economic growth, and CO2 emissions, anindicator of industrial
activity levels, also exhibit positive effects in the model. Mirziyoyeva & Salahodjaev
(2023) found that increases in industrial production increase water stress through
both water withdrawal and water consumption. Caporale et al. (2021) and Mendoza
et al. (2021) showed that increased economic activity deepens the pressure on the
climate system, strengthening evaporation and drought trends. Indeed, the results
indicate that, while GDP and CO2 variables increase water stress, economic growth
intensifies the pressure on Tiirkiye’s water security.
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The variables represented by negative effects in the model indicate factors that
reduce water stress. The negative effects of total water use efficiency (WUE), service
sector water use efficiency, and irrigated agriculture water use efficiency variables
demonstrate the role of productivity in reducing water stress. Vanham et al. (2018)
showed that increases in water use efficiency reduce sectoral water demand and
thus contribute to the reduction of water stress. Similarly, they demonstrate that in-
creasing WUE indicators have a mitigating effect on water stress. The negative sign
representing municipalities’ contribution to water stress can be attributed to the low
variance in the normalized data set and is consistent with the findings of Vanham
et al. (2021), who showed that municipal water use accounts for a limited share of
total water withdrawal. Given the dominant position of agricultural and industrial
sectors in total withdrawal, the relatively low and stable nature of municipal use is
far from being a determinant of fluctuations in water stress, suggesting the structural
cause of the negative effect.

Table 4 clearly demonstrates that demographic and economic pressures play
a critical role in increasing water stress. Furthermore, the strong confirmation of
the water stress-reducing effect of increases in water use efficiency aligns with
the strategic importance emphasized by the studies of Vanham et al. (2018) and
Vanham et al. (2021). Indeed, these results show that the water security problems
that Tiirkiye will face in the future require not only sectoral but also economic and
environmental interventions.

DISCUSSION AND CONCLUSION

The findings of this study indicate that Tiirkiye’s water stress is exhibiting an
increasing trend under the combined influence of both structural and climatic pres-
sures. Polynomial model-based projections suggest that water stress will continue
to increase towards 2050 and, if current trends continue, will exceed 60%. This
trend supports the findings of Chenoweth et al. (2011) and Unnisa et al. (2023)
that water scarcity in the Mediterranean basin is intensifying and hydrometeoro-
logical systems are becoming more fragile. Demographic pressures play the most
significant role in increasing water stress. Population growth and urbanization are
increasing municipal and service sector water demands, systematically weakening
the water supply-demand balance (Vanham et al., 2018). This finding suggests that
Tiirkiye’s rapid urbanization will increase the burden on water management in the
coming years. The positive contribution of the agricultural sector clearly reflects
the structural nature of Tirkiye’s water stress. High agricultural withdrawal rates
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are becoming a key determinant of water stress, particularly in basins with limited
environmental flow requirements (Vanham et al., 2021).

The positive impact of economic growth and CO2 emissions indicates that
industrial activities increase water stress through both direct water demand and
indirect climatic pressures. This impact demonstrates that the water-intensive nature
of production structures poses a critical risk to sustainability (Csanadi et al., 2024).
Furthermore, the positive contribution of the SPEI indicates that the increasing fre-
quency of droughts in recent years has exacerbated water stress and that the impacts
of climate change on water security are becoming increasingly evident (George et
al., 2015; Yetik et al., 2023). Conversely, the negative sign of all WUE indicators
suggests that water use efficiency offers strong remedial potential for Tiirkiye. Find-
ings indicating that productivity increases reduce sectoral water demand (Vanham
et al., 2018) directly align with the results of this study. Therefore, Tiirkiye’s ability
to alleviate water stress depends on prioritizing structural productivity increases as
a strategic priority. These results clearly demonstrate that water stress is a multidi-
mensional phenomenon shaped not only by climatic factors but also by demographic,
economic, and sectoral processes. Therefore, solution approaches must incorporate
integrated policies that consider this multilayered structure.

Agricultural water management is a priority policy area because it is the most
dominant sectoral determinant of water stress. High water withdrawals in agriculture
in Tiirkiye structurally exacerbate water stress, especially in narrow, closed basins.
Therefore, accelerating irrigation modernization, expanding pressurized systems
that reduce water losses, and restructuring basin-based crop patterns are among the
most effective strategies to counter the upward trend in water stress. Developing
mechanisms that encourage water efficiency in agricultural production will directly
contribute to reducing the positive pressure on this sector.

Urban water management is another critical policy area for Tiirkiye, where
demographic pressures are increasingly intensifying. Population growth and ur-
banization trends are rapidly increasing water demand, especially in metropolitan
areas. Therefore, it is necessary to reduce loss and leakage rates, encourage the use
of graywater in residential and commercial buildings, and strengthen urban infra-
structure to support the use of recycled water. These interventions can help reduce
municipal water demand to a more sustainable level in the long term.

Managing the interaction between water and carbon in industry is essential to
mitigate the pressure that economic growth exerts on water stress. Transforming
water-intensive production processes, standardizing wastewater recycling, and
supporting the transition to low-carbon technologies offer the dual benefits of both
reducing water demand and mitigating climatic pressures. Accelerating efficiency-
focused transformation in industry has the potential to mitigate the cumulative
effects of water stress.
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Adapting to drought risk is a crucial policy area for Tiirkiye’s water manage-
ment capacity under climate change conditions. The positive contribution of the
SPEI to water stress indicates that drought trends have intensified over the years.
Therefore, strictly controlling groundwater use through quotas and monitoring
systems, integrating wetland restoration into basin plans, and integrating drought
early warning systems into decision-making mechanisms are critical to preserving
the sustainability of water resources.

Finally, water use efficiency must be addressed as a strategic priority at the na-
tional level. The water stress-reducing impact of WUE indicators makes efficiency
not merely a technical solution but also a policy tool that directly impacts economic
and environmental sustainability. In this context, setting intersectoral efficiency
targets, developing digital allocation systems, and implementing public incentives
supporting the transition to water-efficient technologies can strengthen Tiirkiye’s
resilience capacity in water management.

Therefore, Tiirkiye’s ability to move its water future toward a sustainable path
depends on adopting a holistic water governance approach that not only increases
water supply but also efficiently manages demand, supports sectoral transformation,
and prioritizes climate adaptation. This study clearly outlines the areas where this
transformation will have the strongest impact, providing a guiding framework for
both scientific and policy-making processes.
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ABSTRACT

Climate change is a threat affecting every aspect of life. The scale and impact of this

threat must be determined, and measures must be taken. Tiirkiye is located in one

of the regions that will be most affected by climate change. This study examines the

effects of climate change on Tiirkiye's marine economy. Using data from 2000-2023,

the relationship between sea surface temperature (stt), acidity level (pH), exchange
rate, and oil price, and their contributions to the marine economy, was investigated
using the ARDL cointegration test, and it was concluded that there is cointegration
between the variables. While global warming is thought to have positive short-term
effects on tourism, in the long term, extreme temperature increases and the risk of
drought may lead to negative effects. Global climate change is also expected to have
negative impacts on the fishing sector.

INTRODUCTION

By the beginning of the 21st century, there had been a significant shift in global
priorities, and as aresult of increased environmental awareness, global warming rose
to the top of the list of priorities. The impact of human activity on global warming
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became amajor topic of debate (Alperetal.,2024). Policies implemented after World
War II have led to negative consequences for the environment. The exploitation of
the environment and natural resources as raw materials during industrialization
and the neglect of the environment for the sake of economic growth are among the
major causes of environmental degradation (Yavuz and Ergen, 2022: p.114). Climate
change-related challenges are more severe in developing countries than in developed
countries, requiring the implementation of innovative and effective environmental
policies. The increase in carbon emissions also deepens and exacerbates the effects
of climate change (Koktas et al. 2024: 365).

Increasing greenhouse gas emissions since the Industrial Revolution have led to
a steady rise in global temperatures and irreversible changes in the climate system.
One of the areas most affected by these changes is the oceans and seas. Rising sea
surface temperatures, ocean acidification, sea level rise, and declining oxygen levels
directly threaten marine ecosystems and the economic sectors dependent on them.

The concept of the “blue economy” refers to an economic model that focuses on
the sustainable use of oceans, seas, and coastal resources. Tiirkiye is a country with
high blue economy potential due to its long coastline and rich marine resources,
surrounded by seas on three sides. Tourism, fishing, maritime transport, and coastal
investments are of vital importance to the Turkish economy. However, the pressures
that climate change exerts on these sectors put the country's development goals and
ecological sustainability at risk.

The aim of this study is to assess the current and projected impacts of climate
change on Tiirkiye's blue economy, particularly on the tourism and fishing sectors,
from an interdisciplinary perspective. The study examines the causal relationships
between climate variables (SST, pH) and blue economy performance using climate
projections, sectoral statistics, and econometric modeling methods. Furthermore,
trends in tourism demand and fisheries production were analyzed to reveal the cli-
mate vulnerabilities of these sectors. Based on these comprehensive analyses, the
study aimed to develop policy recommendations to make Tiirkiye's blue economy
resilient to the adverse effects of climate change.

CLIMATE CHANGE AND GLOBAL WARMING

Climate change refers to permanent changes in the climate caused by natural
factors as well as, in particular, human factors. These human-induced effects are
generally negative, i.e., disruptive in nature. Global warming refers to permanent
increases in average surface temperatures, both globally and regionally. Global
warming is seen as one of the components within the concept of climate change.
Climate change and global warming are among the most important issues of the
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coming century for humanity and other living beings (Yavuz et al., 2024: 67260).
Global warming and climate change are related but distinct concepts. Global warming
is one of the causes of climate change. Global warming can lead to factors such as
melting glaciers and rising sea and ocean levels. Climate change also encompasses
other issues such as changes in seasons and precipitation patterns (Climate Change
Presidency, Basic Concepts).

The basic elements of the climate system are the atmosphere, oceans, ice-glacier
cover, land, and biosphere. This system as a whole can be affected by both external
factors and natural processes, and partial effects can also be seen. The world has
experienced many climate change processes over a period of 4.5 billion years. Human
activities, which accelerated particularly after the Industrial Revolution, especially
since the 1750s, have caused a significant increase in carbon emissions and changes
in the composition of the atmosphere. The accumulation of CO,, the most important
greenhouse gas in the atmosphere, has risen from 280 ppm before industrialization
to 425 ppm in August 2025. The area of Arctic ice, which was around 7 million km?
in 1979, has decreased to 4.3 million km? in 2024. Global sea levels have risen by
approximately 91 mm from 1993 to the present (July 2025).

Figure 1. Climate Change Projections
Temperature projections for RCPs and SRES scenarios
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Source: Met Office Hadley Centre, 2018: 2.
*Global mean temperature projections from a climate model (called MAGICC6) relative to a pre-industrial
average (1850-1900) for RCP2.6 (blue), RCP4.5 (green), RCP6.0 (yellow) and RCP8.5 (red) and the older SRES
scenarios (dashed colored lines).
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Predicting future climate changes and climate patterns is crucial for all coun-
tries in terms of future planning. To this end, these predictions are made within the
framework of various scenarios. Scenarios are created based on various expectations.
In order to consider all possibilities, pessimistic scenarios are created alongside
optimistic ones.

RCP scenarios have four main projections at various levels. The most important
difference in distinguishing RCP scenarios is the average global surface temperature
increase predicted by 2100.

e  RCP2.6 has the potential to limit warming to between 1.5°C and 2°C (com-
pared to pre-industrial levels). It is also the most optimistic scenario com-
pared to other models.

e  RCP4.5 and RCP6.0 assume moderate warming, projecting an increase lim-
ited to approximately 2°C to 4°C. These are moderately optimistic scenarios.

e  RCPS8.5 is the most pessimistic scenario regarding future expectations. It is
the scenario with the most severe climate change impacts, with average tem-
perature increases exceeding 4°C and even approaching 5°C in some models
(IPCC, 2014:8).

Although the general expectation is that optimistic scenarios can be realized, it is
important to also develop pessimistic scenarios and take the necessary precautions.

THE IMPACTS OF CLIMATE CHANGE ON TURKIYE

Due to Tiirkiye's geopolitical position, climate change poses a major threat to
the country. This threat is becoming increasingly apparent due to Tiirkiye's location
in the Mediterranean Basin and its fragile hydroclimatic structure. Rising tempera-
tures, prolonged droughts, irregular rainfall patterns, increased frequency of forest
fires, and intensified floods and flash floods are creating multifaceted pressures on
Tiirkiye's natural and socio-economic systems. Climate-sensitive sectors such as
agriculture, water resource management, fisheries, tourism, and energy production
are at higher risk; in particular, water scarcity and the destructive effects of extreme
weather events create significant vulnerabilities in local economies and social wel-
fare. Therefore, climate change in Tiirkiye is not only an environmental problem
but has become a critical security and adaptation issue that directly shapes national
development strategies.
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Figure 2. Distribution of Tiirkiye's 2024 Monthly Average Temperature Values
Compared to the 2023 and 1970-2024 Monthly Average Temperatures

——2023 ~—f—2024 = 1970-2024 Average

Source: General Directorate of Meteorology, Ministry of Environment, Urbanization, and Climate Change, 2025.

The figure shows that Tiirkiye is experiencing a clear warming trend. Both the
2023 and 2024 temperature data consistently exceed the 1970-2024 average, with
some exceptions. This indicates that the likelihood of these temperature changes
being permanent is strong. The most critical deviations in the figure were observed
during the summer months, when temperatures were highest, and in September
and October, which could be considered shoulder months. This confirms that the
Mediterranean basin, which includes Tiirkiye, is one of the regions most affected
by global warming. In terms of its effects, it causes major problems such as severe
droughts, sea level rise, and ocean acidification (UFM Secretariat, 2019:5).
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Table 1. Average Sea Water Temperatures in Tiirkiye

Mediterranean Aegean Marmara Black
Sea Sea Sea

Average Sea Water Temperature in 21°C 18.2°C 15.0 °C 15.1°C
the Mediterranean Between 1970 and 1980
Mediterranean Sea Average Sea Water Temperature 21.1°C 18.3°C 15.2°C 14.8 °C
Between 1981-
1991
Mediterranean Sea Average Sea Water Temperature 21.4°C 18.5°C 15.4°C 14.9 °C
Between 1992
and 2002:
Mediterranean Sea Average Sea Water Temperature 21.9°C 19.0°C 15.8°C 15.6 °C
Between 2003
and 2013
Mediterranean Sea Average Sea Surface Temperature 22.3°C 19.8 °C 17.2°C 16.5 °C
Between 2014
and 2024
Change Between 1970 and 2024 1.3°C 1.6°C 2.2°C 1.4°C
Mediterranean Sea Average Sea Surface Temperature 21.5°C 18.8 °C 15.7°C 15.4°C
Between 1970
and 2024

Source: General Directorate of Meteorology, 2025.

Climate change is one of the biggest and most important threats we face globally.
This threatis particularly noticeable in the Mediterranean region. The Mediterranean
basin is warming at a rate 20% higher than the global average. This situation will
bring serious problems to the basin in both the short and long term. Sea levels are
expected to rise by 1 meter by 2100, affecting one-third of the region's population
(WWEF France, 2021: 3).

Looking at sea water temperatures over the period 1970-2024, a steady increase
is evident. Mediterranean water temperature has risen from 21°C to 22.3°C. Aegean
Sea water temperature has risen from 18.2°C to 19.8°C. The water temperature
of the Marmara Sea has risen from 15°C to 17.2°C. The water temperature of the
Black Sea has risen from 15.1°C to 16.5°C. These increases are also significantly
affecting the marine ecosystem.
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Figure 3. Tiirkiye Temperature Anomaly Projections
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Source: Demircan et al. 2017: 6.

Figure 3 contains temperature increase projections for the Mediterranean basin
specific to Tiirkiye for the periods 2016-2099. Separate projections have been created
for each season for each period. On the color scale, darker colors represent higher
temperature increases. This scenario covers the periods 2016- 2040, 2041-2070, and
2071-2099. HadGEM2-ES was used based on the RCP4.5 scenario.

Looking specifically at the winter season, anomalies that could be considered
high are not frequently observed in the period covering 2016-2040, but the trend is
positive. In the period covering 2041-2070, however, anomalies rise to more serious
levels. Anomalies of around 2°C are predicted. It is possible to see that Tiirkiye and
the eastern Mediterranean are significantly warmer. In the period covering the years
2071-2099, temperature anomalies exceed 3°C. Anomalies exceeding 3.5°C are
expected in the eastern Mediterranean. Despite being winter months, cold anomalies
are predicted to disappear.

Spring will be a season with slightly more anomalies compared to winter. Anoma-
lies are projected to generally range between 1°C and 2°C during the period covering
the years 2016-2040. Anomalies are expected to be slightly higher in the Aegean
and Mediterranean regions. It is estimated that warming will rise to the range of
2.5°C-3°C in the period covering the years 2041-2070, and anomalies are expected
to be distinctly felt. It is thought that anomalies will increase to around 3°C-4°C
during the period covering the years 2071-2099, making them more noticeable.
Anomalies are predicted to be seen across the entire region.

Summer is expected to be the season when temperature anomalies will be most
intense and widespread. During the period covering the years 2016-2040, warm-
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ing is expected to be between approximately 1.5°C and 2.5°C, with the eastern
Mediterranean warming slightly above this average. Anomalies are expected to rise
significantly during the period covering the years 2041-2070. In general, a tem-
perature increase of around 3°C is predicted, with some inland regions potentially
experiencing increases of around 4°C. The period covering the years 2071-2099 is
expected to be the peak period for temperature anomalies. The anomaly wave, rising
to levels of 4°C-6°C, is expected to affect the entire region. The strongest and most
effective anomalies are predicted to occur during this season.

Autumn is the season that will see the greatest anomalies after summer. Anom-
alies expected to occur around 1°C-2°C during the period covering 2016-2040 will
rise to levels of 2.5°C-3.5°C during the period covering 2041-2070. Anomalies will
continue to increase during the period covering the years 2071-2099, rising to 4°C.
These anomalies are observed throughout the Mediterranean basin. In this regard,
summer is expected to extend into autumn.

In general, temperature anomalies are observed to increase in all periods and
seasons. Warming is more pronounced in the fall and summer months. Although
increases are also observed in the spring and winter seasons, they remain below the
levels seen in the fall and summer seasons. The eastern Mediterranean and Levant!
coastlines (southern Tiirkiye, Syria, Lebanon, Israel, northern Egypt) are expected
to experience the highest warming, particularly in the period 2071-2099. These
high anomalies expected to occur in the period 2071-2099 are predicted to have
significant effects on both the sea and the land.

Looking at the countries included in the projection, it is predicted that these
anomalies will not be limited to Tiirkiye, but will affect all countries bordering the
Mediterranean, particularly the eastern Mediterranean countries. Considering thatthe
RCP 4.5 scenario is a relatively optimistic one, the expectation that even projections
based on these scenarios could show a 6°C anomaly highlights the importance of the
issue. This further emphasizes the importance of taking necessary measures. These
projections particularly support the view that the Mediterranean basin is a hotspot.

The anomalies expected to occur according to the projections will have signif-
icant effects on both marine and terrestrial ecosystems. By the end of the century,
serious socio-economic changes are expected to occur in the Mediterranean region.
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Figure 4. Tiirkiye Rainfall Anomaly Projections
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Source: Demircan et al. 2017: 6.

Figure 4 contains temperature increase projections for the Mediterranean basin,
specifically for Tiirkiye, for the periods 2016-2099. Separate projections have been
created for each season for each period. The shift of colors in the projection towards
red tones indicates precipitation decreases, while the shift towards blue tones indi-
cates precipitation increases. Looking at all seasons and periods, it clearly shows
that the Mediterranean basin is heading towards a serious drought risk, especially
in the summer and autumn seasons.

Looking specifically at the winter season, there are slightly positive anomalies in
the western parts of Tiirkiye during the period covering 2016-2040. In the eastern
Mediterranean region, insufficient increases ranging from neutral to 10-20% are
observed. In the period covering 2041-2070, slight increases can be observed in
western Tiirkiye, while serious decreases of up to 40% are expected in the southern
Mediterranean basin. In the period covering 2071-2099, although slight increases
may be observed throughout Tiirkiye, decreases are noticeable in the Mediterranean
basin. In general, the winter season appears to be the least affected season in terms
of precipitation due to its stable projection.

Although spring has more anomalies than winter, it can be said to have a medium
level of variability compared to other seasons. No extreme changes are observed
across Tiirkiye during the period covering 2016-2040. Rainfall losses are noticeable
during the period covering 2041-2070. Although there are some complex structures
in the Mediterranean region, the overall trend is negative, and rainfall losses are
observed. Rainfall losses peak in the period covering the years 2071-2099. Rainfall
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losses, which are expected to occur at levels of 20-40%, could have a particularly
serious impact on the Mediterranean basin.

Summer is expected to be the season with the most severe drought. The most
pronounced and dramatic changes in the projections are expected to occur during the
summer season. In the period covering 2016-2040, rainfall declines in the Mediter-
ranean basin are expected to reach 20-40%, while this rate is expected to be in the
range of 10-20% on the Turkish coast. In the period covering 2041- 2070, rainfall
decline in the eastern Mediterranean is expected to reach very high levels of 40-
60%. Rainfall declines of 20-40% are expected along the Aegean and Mediterranean
coasts. The period from 2071 to 2099 is expected to see the highest decline rates.
Most of the Mediterranean basin will experience significant rainfall declines. While
declines of 60-80% are expected in most of the basin, rainfall declines exceeding
40% are also highly likely on the Aegean and Mediterranean coasts. Summer is the
worst season in terms of rainfall decline. Summer rainfall could reach a level where
it is almost non-existent.

After summer, the season with the most significant rainfall decline is autumn.
During the period covering 2016-2040, rainfall declines of around 20% are expect-
ed in Tiirkiye and the eastern Mediterranean. Although slight increases appear to
be occurring in the western Mediterranean, the general trend is negative. A strong
aridification is expected across the entire region for the period covering the years
2041-2070. The expected rainfall decline of 20%-40% in Tiirkiye rises to 40%-60%
levels, especially in the eastern Mediterranean. The most serious rainfall declines
are expected to be seen for the period covering the years 2071-2099. Precipitation
declines of around 30-50% are likely for Tiirkiye. Given these levels, the autumn
season following the summer season is expected to be a period when drought will
be severely felt.

If we make a general assessment by period, rainfall in the winter season is expected
to increase slightly in the Aegean coast, Eastern Black Sea, and Eastern Anatolia
during the period covering 2016- 2040, while spring rainfall is expected to decrease
by around 20% in most of the country, except for the Aegean coast and eastern Ana-
tolia. For the period covering 2041-2070, winter rainfall is expected to decrease by
around 20% in eastern and southeastern Anatolia and the central and eastern parts of
the Mediterranean region. In the eastern Anatolia region, where summer rainfall is
particularly important, summer rainfall is also predicted to decrease by around 30%.
In autumn rainfall, it is estimated that there will be a decrease in rainfall throughout
the country, except for the coastal Aegean and a small part of inner Anatolia. In the
period covering 2071-2099, autumn rainfall is expected to decrease throughout the
country, while winter rainfall is expected to decrease by 10%, especially in coastal
areas. Summer rainfall will decrease critically, reaching levels of 40% across the
country, except for the Aegean, Marmara, and Black Sea coasts.
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When rainfall and temperature projections are considered together, the expected
decrease in rainfall and increase in temperatures will bring significant changes for
all of Tiirkiye, especially the Mediterranean region. Although there may be some
advantages in certain respects, largely negative effects are expected. Increasing
population and economic growth increase water demand, while the downward trend
in rainfall raises the issue of water sufficiency as a major problem for policymakers.

Figure 5. Amount of Desalinated Seawater (m°)
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Source: FAO Aquastat Water Use Statistics, 2023.

Decreasing rainfall is a threat that could deepen the water crisis. To overcome
this crisis, desalination could be used as a solution. According to calculations made
in Tiirkiye, the use of desalinated seawater, which was around 500000 ™ at the
beginning of the processtose to 2.6 million ™ by 2022. The growing population
and production will increasingly drive up water demand. In order to meet water
demand, desalination of seawater, a solution that Tiirkiye has not resorted to much
today, will emerge as an important alternative solution.

CLIMATE CHANGE AND TOURIST NUMBERS

Climate characteristics are extremely important for tourism. The tourism sector
develops in places with climate characteristics suitable for the format demanded by
tourists. In addition, climate is not a constant phenomenon in nature, which has a
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dynamic structure. Over time, various changes occur due to both natural processes
and human factors. Some of these effects occur rapidly, while others are relatively
slower. Climate change is occurring due to global warming. The structural charac-
teristics of regions are differing in terms of both precipitation and warming. The
tourism sector has a seriously fragile structure against climate change. Although
the tourism sector tries to resist these changes, its level of fragility is higher than
its level of resistance. Countries' income levels also affect these vulnerabilities.
Vulnerability increases in low-income countries, while high-income countries have
a more resilient structure (Dogru et al., 2019:300).

Table 2. Number of Entries and Overnight Stays by Province for the January-
December Period of 2023- 2024

2023 2024
Region Foreign Domestic Total Foreign Domestic Total
Mediterranean 20917246 | 7,537,623 | 28,454,869 | 23,672,725 | 7,974,278 | 31,647,003

Total

Eastern Anatolia Total 226 813 712,154 938,967 218,679 761,865 980,544

Aegean Total 5952878 | 6,990,627 | 12,943,505 | 6,239,035 | 7,203,163 | 13,442,198
Southeast Total 226,803 2,058,037 | 2,284,840 228,892 2,408,437 | 2,637,329
Central Anatolia Total 787,496 1,770,148 | 2,557,644 989,270 1,814,038 | 2,803,308
Black Sea Total 438,835 1,383,564 | 1,822,399 475,063 1,549,449 | 2,024,512
Marmara Total 10,012,993 | 6,809,417 | 16,822,410 | 10,724,119 | 7,295,534 | 18,019,653
Tiirkiye Total 38,563,064 | 27,261,570 | 65,824,634 | 42,547,783 | 29,006,764 | 71,554,547

Source: TURKSTAT Tourism Statistics, 2025.

Total tourist arrivals increased from 2023 to 2024. The Mediterranean, Aegean,
and Marmararegions lead this increase. The expected long-term temperature increas-
es may result in these increases causing climate vulnerabilities. High temperature
increases may also harm regional competitiveness (Diffenbaugh & Giorgi, 2012,
pp- 813-814). Although there are increases in tourism in the short term, whether
this effect will continue in the long term is a matter of debate.

Climate change-related temperature increases may also lead to an extension
of the tourism season. In addition to the possibility of a seasonal extension in the
Mediterranean and Aegean regions, the increase in temperature may also contribute
to the development of summer tourism in the Black Sea region. The warming that
occurs in the fall season and the extreme anomalies expected in the summer season
may lead to an extension of the tourism season and the possibility of continuing
tourism activities in the fall period. In order to prevent vulnerabilities, awareness
of the consequences that climate change may have on the tourism sector must be
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raised, and both future investments and the transformation of existing capacity must
be carried out accordingly.

CLIMATE CHANGE AND FISHING

Climate change directly affects the fishing industry by causing multidimensional
environmental changes in marine and inland water ecosystems, such as rising tem-
peratures, ocean acidification, declining oxygen levels, and habitat loss. Rising sea
surface temperatures are shifting species distribution northward or to deeper waters,
disrupting reproduction and migration cycles, and reducing stock productivity, par-
ticularly in commercially valuable pelagic species. Similarly, the increase in extreme
weather events, changes in plankton dynamics, and the proliferation of invasive
species are reducing the predictability of fishing activities and causing economic
fluctuations in the sector. Therefore, the effects of climate change on fisheries must
be addressed not only as an ecological issue but also as a socioeconomic problem.

Table 3. Aquatic Product Statistics (thousand tons), 2015-2024

2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024
Aquatic Products (Total) 672.2 | 588.7 | 630.8 | 628.6 | 836.5 | 785.8 | 799.8 | 849.8 | 1010.3 | 933.2
Hunting 431.9 | 3353 | 354.3 | 314.1 | 463.2 | 364.4 | 328.2 | 335.0 | 454.1 | 356.1
Seafood 397.7 | 301.5 | 322.2 | 284.0 | 431.6 | 331.3 | 295.0 | 301.7 | 420.5 | 322.5
Domestic Aquatic Products 342 33.9 32.1 30.1 31.6 | 33.1 33.1 333 335 33.6
Aquaculture 240.3 | 253.4 | 276.5 | 314.5 | 373.4 | 421.4 | 471.7 | 5148 | 556.3 | 577.1

Source: Ministry of Agriculture and Forestry, Fisheries Statistics, 2024,

Statistics on marine fish and other marine product fishing are obtained from the
Monthly Large- Scale Fishery Survey and the Seasonal Small-Scale Fishery Sur-
vey, conducted jointly by the Ministry of Agriculture and Forestry and the Turkish
Statistical Institute. Statistics on inland water products and aquaculture production
are compiled by the Ministry of Agriculture and Forestry.

According to the table, seafood fishing declined from 397.7 thousand tons in
2015 to 322.5 thousand tons in 2024; there was a dramatic decline of -23.3% in
production between 2023 and 2024 alone. This sharp decline is consistent with
climate change-related factors observed in the Mediterranean and Black Sea basins,
such as increases in sea surface temperatures, shifts in species distribution, and the
proliferation of alien/invasive species (such as balloonfish and lionfish).

Aquaculture data from 2015-2024 supports the increasing vulnerability of Tiir-
kiye's fishing sector to climate change. The systematic decline observed in marine
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fishing represents the direct reflection of climate-induced ecosystem pressures on
economic output, while the rapid growth in the aquaculture sector demonstrates the
industry's efforts to adapt to climate change through controlled production models.
In the future, it will be imperative to integrate fisheries policies with the scientifi-
cally based management of climate risks. Tiirkiye's sustainable fisheries can only
be secured through ecosystem-based management, the strengthening of stock mon-
itoring systems, and the development of aquaculture within environmental limits.

EMPIRICAL LITERATURE

Reviewing the literature is of great importance in studies conducted on a partic-
ular issue in academic writing. This review is necessary not only to avoid repetition
but also to identify gaps in the literature. The table below lists previous studies
conducted in the field of marine economics.
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Table 4. Previous Studies in Marine Economics

Downloaded: 121
PA

Author

Study

Period

Scope

Model

Results

Yasser et. al.
(2024)

The blue
economy effects
on EUROMED
tourism:
forecasting
approach

2000-
2019

Euromed
Countries

Panel Data
ARDL

GDP, aquaculture,
and trade openness
positively correlate
with the size of the
blue economy in
the EUROMED
region. A 1%
increase in
aquaculture
production
increases tourist
arrivals by 2.3%.
GDP per capita
contributes 3%

to the increase in
tourist numbers.
However, price
increases and
rising CO2
emissions reduce
tourist numbers,
deteriorating the
quality of the
region's marine
environment.
Finally, trade
openness will
increase tourist
numbers by
reducing trade
barriers for
environmentally
friendly goods and
services.

Suh & Pomeroy
(2020)

Projected
Economic Impact
of Climate
Change on
Marine Capture
Fisheries in the
Philippines

2013-
2060

Philippines

Computable
General
Equilibrium
(CGE)-Future
Prediction
Model-RCP
2.6-RCP 8.5

According to the
projection results,
extreme climate
anomalies will have
negative impacts
on both fisheries
and other economic
variables. The
fisheries sector's
contribution to
GDP is expected to
decline by 9.27%
in the optimistic
scenario A and

by 17.65% in

the pessimistic
scenario B by
2060.

continued on following page
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Table 4. Continued

Downloaded: 121
PA

on the sustainable
economic growth
of China

Author Study Period Scope Model Results
Pazienza (2015) | The relationship 1981- 30 OECD Panel Data A 1% increase
between CO2 and | 2005 Countries Regression in direct foreign
Foreign Direct investment in
Investment in the the agriculture
agriculture and and fisheries
fishing sector of sector reduces
OECD countries: carbon emissions
Evidence by 0.0848%.
and policy According to
considerations this result, an
increase in direct
foreign investment
leads to positive
environmental
outcomes.
Ahammed et. al. | Impact of blue 1980- China ARDL In the study, a long-
(2025) economy factors 2019 term cointegration

between the
variables was
determined. TFF
(Total Fishing
Fleet), AFF
(Aquaculture),

AP (Agricultural
Production), capital
and trade variables
have positive

and significant
effects on China's
economic
development.

continued on following page
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Table 4. Continued

Downloaded: 121
PA

Author

Study

Period

Scope

Model

Results

Marwa et. al.
(2024)

Determinants

of the Blue
Economy Growth
in the Era of
Sustainability:

A Case Study of
Indonesia

2012-
2021

Indonesia

Panel Data
Regression

The results show
that information
and communication
technology

(ICT) positively
affects fisheries
and aquaculture
production and

the share of the
blue economy.
Conversely,

trade openness
and electricity
consumption have
a negative impact
on the share of

the blue economy.
The analysis

also reveals that
investment does not
have a statistically
significant effect
on determining the
share of the blue
economy.

Martin-
Cervantes et. al.
(2025)

The potential
of the Blue
Economy to
promote the
generation of
sustainable
employment in
the European
Union

2009 -
2017

27 EU Member
States

Panel Data
Regression

According to the
analysis, coastal
tourism plays the
most significant
role in creating
blue employment,
followed by
maritime transport
and the exploitation
of non-renewable
marine resources.
However, the
fishing and
aquaculture sectors
exhibit an inverse
relationship in

job creation due

to factors such as
climate change
and EU quota
restrictions.

continued on following page
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Table 4. Continued

Downloaded: 12/

Author Study Period Scope Model Results

Suet. al. (2021) | Financial aspects | 2006 - Coastal Bootstrap The relationship
of marine 2016 Provinces and | Panel Granger | between financial
economic Regions in Causality development and
growth: From the China maritime economic

perspective of
coastal provinces
and regions in
China

growth varies
across regions
due to differences
in maritime
industry structure,
government
policies, and
financial market
quality. In the
eastern maritime
economic
environment,
financial
development
appears to have

a Granger causal
effect on maritime
economic growth.
The developed
financial system
in this region
allows maritime
industries to fully
utilize available
financial resources,
positively
influencing
economic growth.

continued on following page
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Table 4. Continued

Author Study Period Scope Model Results
Bhattacharya & | Drivers of blue 1996- 21 Asia and Panel Data According to the
Dash (2020) economy in 2016 Pacific island Regression results of the study,
Asia and Pacific countries a 1% increase
Island countries: in gross capital
An empirical stock increases
investigation the size of the
of tourism and blue economy
fisheries sectors by 0.03%. A 1%

depreciation of
the local currency
against the dollar
also increases

the number of
tourists by 1.78%.
In addition, as

the level of trade
openness increases,
the size of the
blue economy also

Srows.
Alharthi & Impact of blue 1995- South Asian Panel Data A 1% increase
Hanif (2020) economy factors 2018 Association Regression in the fishing
on economic for Regional industry in
growth in the Cooperation SAARC countries
SAARC countries (SAARC) increases economic
Countries growth by 0.12%.

The analysis
results show that
a 1% increase

in aquaculture
also stimulates
economic growth
by approximately
0.37%.

METHOD AND DATA SET

The study investigates the effect of marine stress variables (average sea surface
temperature, sea water pH level), oil price, and exchange rate on the contribution
of the blue economy to GDP. The ARDL cointegration test is used to determine the
relationship between the variables. A series of tests must be performed to determine
the structural characteristics of the data set.
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Table 5. Variables Used in the Study and Their Descriptions

Dow

nloaded: 12/1F

P

Variable Abbreviation Description Unit Source
Marine_GDP_Million_USD | LNMARINE Blue economy Million Turkish Statistical Institute +
contribution to GDP USD Central Bank of the Republic
of Tiirkiye
Sea_Temperature_C LNSST Average sea surface °C MGM/NOAA
temperature
Sea_pH LNPH Sea water acidity- pH TUBITAK MAM
alkalinity
balance
Oil_Price_USD LNOIL Brent crude oil USD/Barrel World Bank
spot price
USD/TRY Exchange Rate LNUSD Annual average TRY TCMB
exchange rate

Whether the series contain a unit root, and if so, the unit root levels, are very
important for the model to be established. In order to apply cointegration tests, the
series must contain a unit root.

Table 6. Unit Root Test Results

Series Name Model ADF
Statistics Prob.
LNMARINE Level None -0.733030 0.3868
Constant 2.551450 0.9999
Constant Trend 1.296808 0.9999
First Difference None -0.256115 0.5817
Constant -0.687892 0.8291
Constant Trend -5.969017 0.0004**%*
LNSST Level None 1.054918 0.9170
Constant -5.622418 0.00027%**
Constant Trend -1.652611 0.7359
First Difference None -3.327691 0.0022%%*%*
Constant -1.400133 0.5602
Constant Trend -5.632326 0.0009%%*%*

continued on following page
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Table 6. Continued

Dow

nloaded: 12152025 1

Series Name Model ADF
Statistics Prob.
LNPH Level None -8.687547 0.0000%**
Constant 1.606512 0.9989
Constant Trend -6.279232 0.0002%**
First Difference None -0.044386 0.6545
Constant -9.966568 0.0000%*%*
Constant Trend -4.449877 0.0117%%*
LNOIL Level None 0.609749 0.8408
Constant -2.052666 0.2641
Constant Trend -1.879142 0.6325
First Difference None -4.598707 0.00071#%*%*
Constant -4.653580 0.0014%%*
Constant Trend -4.718805 0.0056%**
LNUSD Level None 4.247571 0.9999
Constant 2.325996 0.9999
Constant Trend 2.265835 1.0000
First Difference None -0.328881 0.5546
Constant 0.657372 0.9869
Constant Trend -5.366761 0.0014%%%

Note: *** indicates significance at the 1% level, ** indicates significance at the 5% level, and * indicates
significance at the 1% level. The lag length criterion in ADF unit root tests is determined by the Schwarz

information criterion.

According to the ADF results, the LN SST series is I(0) (stationary at the level),
while the LN PH, LN OIL, and LN USD series are I(1) (stationary at the first differ-
ence). Due to their different levels of stationarity and the fact that most of the series
are I(1), the use of the ARDL cointegration test would be appropriate for the model.

Table 7. Diagnostic Test Results for ARDL Models

Test Probability & Statistics
2 0.9995
Breusch-Godfrey Serial Correlation LM Test 0.3598
Heteroskedasticity Test: Breusch-Pagan-Godfrey 0.9448
Histogram-Normality Test 0.5375
Ramsey RESET Test 0.9026
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The table shows the standard Diagnostic Test Results for the ARDL model. These
tests are crucial for understanding the extent to which the established econometric
model meets its assumptions and, consequently, how reliable the model is. The
results presented in Table 8 show that the established ARDL model meets all the
basic econometric assumptions and is therefore statistically robust. All diagnostic
test results indicate that the model is sound, as the corresponding probability val-
ues are above the 5% significance level. The model's results are reliable, and it is
appropriate to interpret the long-term coefficients (such as the negative effect of
SST) and draw policy conclusions based on these coefficients.

Figure 6. Cusum and Cusum Square Test Results

1 1.

& 1.

4
0.

0 - -

- 0. =

4

0.
09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 09 10 11 12 13 14 15 16
CUSUM 5% — CUSUM of Sgquares 5%

The fact that both the CUSUM and CUSUM of Squares graphs remain within
the 5% significance limits strongly supports the conclusion that the coefficients of
the established econometric model (ARDL) are stable, produce reliable estimates,
and did not undergo any significant structural change during the estimation period.

These findings are fully consistent with the results obtained in the previous
diagnostic tests indicating the absence of autocorrelation and heteroskedasticity
issues, and reinforce the robustness of the model.

Table 8. F Bounds Test Results

Signif. ARDL order F-Statistics, Bounds Test
4 6.897831
10) I(1)
10 22 3.09

continued on following page
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Table 8. Continued

5 2.56 3.49
2.5 2.88 3.87
1 3.29 4.37

The calculated F-statistic value (6.897831) is greater than the Upper Bound I(1)
values for all significance levels shown in the table: 6.897831 > 4.37 (1% level)
-6.897831 > 3.49 (5% level). This result indicates that there is a statistically signif-
icant long-term cointegration relationship between Marine Economy Value Added
and Climate Stress Factors (SST, pH) and control variables.

The effects of climate change (SST and pH) are creating a permanent and
long-term structural impact on Tiirkiye's marine economy, rather than short-term
temporary shocks. This proves that interpreting long-term ARDL coefficients and
developing policy recommendations is methodologically correct.

CONCLUSION

This study clearly demonstrates that climate change has multidimensional, pro-
found, and lasting effects on Tiirkiye's blue economy. Climate projections indicate
that the Mediterranean basin, where Tiirkiye is located, is warming faster than the
global average and that temperature anomalies and precipitation declines will intensify
in the coming decades. These physical changes directly affect marine ecosystems
and human activities dependent on these ecosystems.

The results of econometric analysis prove thatincreases in sea surface temperature
(SST) and ocean acidification (pH decline) have statistically significantand long-term
negative effects on the blue economy GDP. This indicates that the impact of climate
change on the blue economy is not a temporary shock but a structural problem.

In the tourism sector, although positive developments such as the extension of
the tourism season due to warming have been observed in the short term, factors
such as extreme heat waves, water scarcity, and forest fires in the long term pose
a risk of reducing the competitiveness of traditional tourism regions such as the
Mediterranean and Aegean. Tourism planning needs to be restructured to take these
long- term climate risks into account.

In the fishing sector, the systematic decline observed in marine fishing from 2015
to 2024 reflects the devastating impact of climate change on marine biodiversity
and stock productivity. In contrast, growth in the aquaculture sector points to the
potential of controlled production models as an adaptation strategy to climate change.
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Consequently, the sustainability of Tiirkiye's blue economy requires a holistic

approach centered on climate change mitigation and adaptation strategies. In this
context:

Ecosystem-Based Management: The restoration and protection of marine eco-
systems and the sustainable management of fish stocks should be prioritized.
Scientific and Technological Infrastructure: Early warning systems and scientific
research infrastructure should be strengthened to monitor the effects of climate
change on the seas.

Sectoral Transformation: Climate-resilient, low-carbon investments in tourism
should be encouraged; sustainable fishing practices should be promoted in
fisheries, and aquaculture should be supported.

Policy Integration: Climate change should be addressed in an integrated manner
with development, agriculture, energy, and water policies, and a policy framework
encompassing all stakeholders of the blue economy should be established.

Only in this way can Tiirkiye reduce the systemic risks of climate change on the

blue economy, protect marine resources, and build a sustainable economic future
for future generations.
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